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ABSTRACT —
The processes of megxsporogenésis.'megagametogenesis. fertilization and early
embryogenesis in soybean, Glycine max (L.) Merr. cv. Gnome were examined' using light,
fluorescence and electron migrosoopy. The megasporocyte of soybean is farge and underﬁoes
meiosis 1o produce 4 linear megaspores. The chalaesl mégaspore undergoes 3 mitotic divisions
to form an 8-nucleate, 7-celled embryo sac.

During megasporogenesis a distinct cellular region, the iﬂner nucelius, develops aropn
the expanded megasporocyte and persists until destruction by embryo sac expansion. The intfer
nucélmmposcd of densely -staining lhick-wa.lled cells which eniclose expanded
megasporocyles, megaspofes, 2- and 4-nucleate embryo sacs and the chalaza! region of
cellular megagametophytes. Ultrastructgral observations suggest that an elevated level of
ribosomes ié responsible for increased inner nucellar cell density.

Prior 1o the third mitotic d‘ivision and cellularization a rearrangement of the relative %
p;siu‘ons of the 4 nuclei occurs. After cellularization, egg and antipodal apparatus _ceﬁre
enclosed in thick walls that lack distinct middle lamellae. Expadsion of egg apparatus cells
results in stretching, thinning and segmentation of their walls until the bead;ad structure of the
mature wall is formed. Cemrai cell wall ingrowths and large multigrain amyloplasts form only
after cellularization has occurred. As embryo sac development proceeds the large central cell
vacuole is segmented into smaller vacuoles. Ultimately the multigrain am?plzsts appear to
" fill the central cell. Other vacu61e5 develop, fuse with protein bodies and ¢xpand forming a
network throughout the central cell. ' v

Fertilization occurs by polien tube penctrauon and discharge into a synergid. Coursc
of the polien tube indicates that it grows through the center of the common synergid wall and
turns to enter one synergid chalazal to the f ilifc}}q\ apparatus. ~

After nuclear fusion zygoue shrinkage occurs, resultmg in a 38% decrease in Eell
length. This redyction in zygote size is accompanied by f ragmenuuon of the large micropylar
vacuole. The first division of the zygote results in a 2-celled embryo with the basal cell being

more vacuolate. Numerous plasmodesmata occur in the wall separayng the 2 cells of the

»
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\;" @ proembryo with only a few being found in the wall between the cells of the proembryo and

the central cell.

-

Some suggestions about meubo‘
in variéus regions of the ovule. 1t is proposed t
nucellar cells, are all involved in augmenting metabolite transport and; that theil’ orderly
appearance in different areas of the ovule signifies changes in the ,nu&j\tional environment of
the developing soybean embryo sac, embryo and endosperm. As these tr\;mf er cells are closely
associated wuh the embryo sac wall it is proBosed that the embryo sac wall is a common

apoplast f uncnomng as both a sink for melabohtes from the nucellus and source for all

solutes taken up by embryo sac cells.

vi
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1. Introduction ) ,

Since the last century soybean has become oﬁe of the world's major food crops
(Probst & Judd, 1973). Perhaps this is because soybean has a higher protein content than any
other cultivated bean (§ix;1pson & Conner-Ogorzaly, 1986). Being a member of an
economically important f amily soybean is {n a plant group which has been the subject of
numerous embryological studies (see Davis, 1966; Johansen, 1945, 1950¢ Mahéshwari. 1950,
Pral;ash, 1979; Wardlaw, 1955). However, there remains a lack of ultrastructural inforn;al.ion
about mcésporogenesis, me&apﬁemnesis and fertilization in members of the bean family.
The only ultrastructural reports ;o date concerning embryo sac structure in the Fabaceae
inclgde wor; on the mature soybean megagametophyte both before (Foisom, 1981, Folsom &
Peterson, 1984; Tilton et al., i983) and af t:r fertilization (Dute & Peterson, 1984; Tilton et
al., 1984) and on the embryology of Phaseolus (Clutter & Sussex, Y968. Yeung, 1980; Yeung
&*Cluuer, 1978, 1979).

As most of the work that has been done on soybean and its taxonomic relatives used

either cleared ovules or paraffin embedded tissue, an ultrastructural study of

megasporogenesis, megagametogenesis, fertilization and early embryogenesis was performed to
det\emu'ne the fine structure of these processes. Soybean has been shown to be monosporic and
‘ undergo Polygonum-type Aembryo sac development which results in a 7-celled, 8-nucleate
embryo sac (George et al., 1979; Kennell & Horner, 1985; Pamplin, 1963; Prakash & Chan,
1576). As this type of development has been referred to as "normal” and since it is found in
approximately 70% of angiosperms studied (Maheshwari, 1950) a thorough understanding of
embryo sac development in soybean could be important for our knowledge of
megasporogenesis, megagametogenesis and fertilization in general. |

Although much information has been accumulated concerning the reproductive biology
of angiosperms many questions still remain. Little is known about the origin of the embryo
sac's large central vacuole during megagametogenesis or how the processes of cellularization
and cellular differentiation occur. Alsq what is the role of central o‘e'll-wall ingrowths and how

does timing of their development correspond to formation of the large multigrained
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provide answers to some of these questions.
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I1. Material and methods -

Seeds of soybean, Glycine max (L.) Mert. cv. Gnome, were inoculated with
Rhizobium and planted in a soil mix consisting of 3 pts. loam, 2 pts. sahd, and 2 pts. peat.
Plants were grown in the University of Alberta, Department of Botany Phytotron under s 2:3
ratio of sodium to mercury vapor high imensity lamps releasing approximately 300 - 350
uE/E'/wc PAR 400 - 750 nm, at bench Ievcl and fertilized weekly with 1/2 strength |
modified Hoagland's solution (Hoagland & Arnon, 1950). lnl;ially several varieties of wybun
were grown in an attempt to select the one most suited for this research. This decision was
based on plant vigor in the growth chamber, length of time from planting to bud formation
and the number of flowers per raceme. A dwas¥ variety, Gnome, was finally selected.
Although the number of flowers per raceme of Gnome was less than optimal, (other varieties
;ypically had more flowers per raceme, in some cases up to 20), the plant responded well to
conditions in the growth chamber and would normally produce usable material 4’- 6 wk af tér
planting.

Flowers were dissected under a stereo microscope. During this process photographs
were taken of either the ﬂovger or ovary using a Wild Photoautomat MPS 45 n;facﬁed toa
Wild M5 stereomicroscope. The Wild stereomicroscope was also used to measure the length of l
ovaries. 7

Because the size and shape of the tissue make orientation very difficult the ovules
were left attached to carpel walls. The ovary/was cut into segments each of which contained a
single ovule. Sections of tissue were placed in vials containing the primary fixative and
processed by a variety of methods(Many different combinations of fixatives were tried in the
process of selecting the onc most suited for the tissue. Procedures suggested by Hepler (1981).
‘Park et al. (1982) and éorﬂon-Weeks et al. (1982) were tried but did not prov-e successful.
All chemically fixed tissue destined for observau'on\WiLh the transmission dgcuon microséope

was processed by one of the following protocols:
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3.25% 3I}xuruldehyde in 0.07SM sodium cacodylate, pH 7.0 overnjght at room
temperature in 15 psi vacuum washed 3 times in the same buf fé*-d post-fixed with
2% 0s0, in 0.05 M sodium cacodylate buffer, pH 7.0;

@
3% glutaraldehyde and 1% Alcian Glwe 8GX in 0.05 M sodium cacodylate, pH 7.0
(Behnke & Zélander, 1970; Pettitt, 1977; Scott & Dorling, 1965) overnight at room
temperature in 15 psi vacuum, washed 3 times in the same buffer and post-fixed with

2% OsO, in 0.05 M sodium cacodylate buffer, pH 7.0;

2% formaldehyde and 3% glutaraldehyde in Q.05 M phosphate buffer, pH 7.0
overnight at room tempegature in 15 psi Qacuuuu washed 3 times in the same buffer

\
and post-fixed with 2% OsO, in 0.05 M sodium tacodylate buffer, pH 7.0;

3.25% glutaraldehyde and 0.05% ruthenium red in 0.075M sodium cacodylate, pH 7.0
overnight at room temperature in 15 psi vacuum washed 3 times in the same buffer
and then post-fixed with 2% OsO, and 0.05% ruthenium red in 0.05 M sodium
cacodylate é{xﬂu pH 7.0 (Luft, 1971).
After many different tissue runs it was found, that for general use. the combination of 31.25%
glutaraldehyde and 2% OsO, gave the best results.

a
Tissue was taken out of osmium and washed briefly in the 0.05 M sodium cacodylate

buffer, pH 7.0, then transfered 1o distilled water to remove unbound osmium. ;\ll material

was dehydrated in either a graded alcohol or ACS spectro grade acetone series (30, 50, 60, 70,
95 and 100%). Each step lasted { ronf”lo to 15 min an@ all were carried out at room
temperature. Tissue embedded in Epon 812 (Mollenhauer, 1964) was dehydrated in an aicohol
series and then transfered through two, 10 min, changes of propylene oxide. Material to be
embedded in Spurr's resin (Spurr, 1969) was transfeted directly from 100% acetone to the

first step in the infiltration process. For the Spurr embedded material the process was actually

a variant of one used by Carrol and Mayhew (1976). Their original technique used alcohol as

’



a transition ao/lvan with the tissue under vacuum, 1S psi, during the entire infiltration
. In my protocol however acetone was ultimately substituted for alcoho! because it
/" climinated infiltration problems. The 3 intermediatéfsieps between acetone and 100% resin
were 2:1. 1:1, and 1:2 (100% acetone : Spurt's resin) each lasting a petiod of 24 hr. The

change in transiion solvent required a modification of the CErroll and Mayhew (1976) T
technique. Because of the increased vomuity of acetone in vacuum when compared to alcohol
the n\umw of hr that the tissue’ could be exposed 10 vacuum had tdhbe decreased. Only in the
lnt 2 - 3 hr of eath step was the tissue treated wnh acetone/resin mixture ex 15 pm
vacuum. Even though the tissue was under vacuum for a shorter peribg of time there still was
an improvement in infiltration. Once the tissue was in 100% Spurr’s it was put back into the
vacuum for a further 24 hours then into fresh resin in the embedding Mats before being
returned to the vacuum fora f u;mher 3 - 4 hours. The plastic was cured overnight in a 0" C
oven. | '

Blocks were sectioned using either a Reichert OM U2 or Ultracut E ultramicrotome
with a diamond knife. Silver sections were collected on formvar coated copper or nickel grids,
0.25% formvar in dichloroethane (Roland, 1978). Grids W’ﬂ:e normally stained with uranyl
acetate (1:1 aqueous satursted ur‘anyl acetate 10 95% ethanol) and lead citrate (Venable &
Coggeshall, 1965). Grids were processed together using a Hiraoka supporting platformy
(Polyscience, Inc., Warrington, Pa.). Staining solutions were held in a small plastic weighing
boaT capacity 7 ml, and the platform holding the grids was inverted and pﬁad on the dish.
The staining protocol was either 4 min in urinyl acetate and 3 min in lead citrate or, |
following the recommendations of Daddow (1983), 4 min in lead citrate, 40 min in uranyl
acetate. and a further 20 min in lead citrate. After lead citrate the grids were washed in 4
separate 100 ml beakers of degassed distilied water, the first containing 0.2 ml 10 N NaOH.
After the uranyl acetate Wt grids were washed in two beakers of 50% ethanol and then
4 of degassed distilled water. .

At the EM level polysaccharides were detected with tite periodic acid -
ide - silver proteinate method (Whiéry, 1967), using thiocarbohydrazide
4
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freatments for 6 hr on gold formvar coated grids. Sections used for this were first treated with
3% H,0, (diluted from 30% H,0, immediately before use) and then oxidized with 1% periodic
acid for 20 min. at room teriperature (Bechtel & Pomerans, 1981). Control sections were
made by following the same protocol except Sistillad H,O was substituted for pﬂodk acid.
After treatment’ With silver proteinate sections were viewed and photoaaphed without up;
further grid mimng .

Scctiom were viewed withdth«a?hiﬁpm 200 or 410 wzansmission slectron
mncroscope The acceleration vollage used on the EM 200 was 60 kv while on the 410 80 kv.
E)ectron mncrognpht were taken wnh Kodak fine grain release posmve film $302 and
deveioped for § min in full strength Kodak D-19.

Material for light microscopy came from that fixed and embedded for electron
microscopy or was fixed in either 3.25% glutaraldehyde in 0.05 M sodium cacodylate buffer,
ph 7.0, Carnoy II (Lillie & Fullmer, }976), or Newcomer's Carnoy substitute (Newcomer,
1953) and embedded in glycoi methacrviate (Cole & Sykes, 1974; O’'Brien gnd McCully, 1981)
or in~LKB Historesin. Sections 1 to 2 um were cut with glass knives and ﬁzed o either plain
or coa{ed ;Mnsen. 1962) with a conventional hotplate or at 80° C using a LKB
Multiplate. | ’ )

Toluidine blue O (TBO) was used as a general stain .for all plastic embedded sections
(Yeung, 1984). Insoluble carbohydrates were localized using the peﬁo&ic acid - Schiff stain
(PAS) technique (Feder & O'Brien, 1968). Free aldehydes were blocked using 2.4
dwx‘{;enylhydram)e (DNPH) (Feder & O'Brien, 1968). Proteins were localized using
0.25% Coomassie Brilliant Blue G - 250 in 87 pts. water, 10 pts. methanol, and 3 pts. glacial

)Qu'c acid (H'eslop-Harrison. 1979). Callose was localized with 0.05% water soluble aniline
blue in 0.067 M. pH 8.5 potassium phosphate buffer (Smith & McCully, 1978) while celiulose
was stained with 0.1% aqueous Calcoflour M2R NEW (Hughes & McCully, 1975; Wood,
1980, Yeung. 1984). In both cases it was found that the fluoresceins worked best when the
plastic was removed from the sections using sodium methoxide, a solution madedy saturating

sodium hydroxide in absolute methanol (Sutherland & McCully, 1976). After a treatment of ]
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- 2 min the sections were. washcdﬁ briefly with methanol and then water before staining. All
vright -field, phase anq Nomarski differential interference photomicrographs were taken with
a Zeiss Ph.otomic'roscobc;l equipped with a Zeiss IlI RS epi-ﬂﬁorescgnce condenser and a 50
wa_-{% light source, excitation filter §P365/ 11 and barrier filter LP 397‘.\using both the internal )
cameJa system and a Zeiss MC 63 3Smm camera attachment.



o III. Results . |
In sovbean, Glycine max cv. Gnome, the ovary usually contains 2 or 3 ovules. During
the early stages of megasporogenesis and megagametogenesis no synchrony was found in ovule
development within .ingle ovary. Nor did individual ovules show any correlation between
their relative position and developmental stage. Lenggn @f +---ary was finally chosen as the-
main morphological reference character because it se ¢ 2 an indicator of mean

developmental stage of ovules in the ovary.

Megasporogenesis through cellularization:

‘The developing megaspore mother cell is enclosed by several layers of nucellar cells
(Figs. 1 & 2). Because of its size and prominent nucleus the megasporocyte is more N
conspicuous than the rest of the nucellus (Fig. 2). Its cytoplasmic density ‘and organelle
content are very similar to surrounding nucellar cells. Plasmodesmata are found in the walls
»of the megaspore mother cellqconnecu'ng it to adjacent nucellar cells (Figs. 3 &_4). The
megaspore mother cell's cytoplasm contains a number of mitochondria (Fig. 5) and vacuoles
(Figs. 5 & 6). At certain developmental stages areas of the megasporocyte wall are relatively
thick (Fig. 6). Staining with lhé: fluorescein aniline blue, which is specific for caliose, shows
an unique fluorescence in the micropylar region of the megasporoéyte wall (Figs. 7 & 8).
Expansion of the megasporocyte results in a more r‘ectangular cell (Fig. 9) which has a |
centrally placed nucleus, randomly distributed organcllcﬁ. plasmodesmata in its walls (Fig.'10)
and an elevated number of vacuoles located in both the micropylar (Fig. 11) and chalazal
ends (Fig. 12). Concurrent with this the plasma membrane shows invagination of the plasma
membrane (Figs. 10 & 12).

During the expansion of the megasporc.mother cell changes occur in the walls and
cytoplasm of adjacent nucellar cells resulting in both an increase in wall thickness and
cytoplasmic density (Fig. 9). These changes differentiate the nucellar cells adjaeent to the

megaspore mother celi from the more peripheral nucellar cells that are characterized by
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Megasporocytes of soybean.

Fig. 1. Young soybean ovule showi:ng nucellus, megasporocyte and integuments.
Toluidine blue oxide stain (TBO). L.M. x625.
Fig. 2. Portion of an ovule showing nucelius, megaspore and one of the two

integuments. E.M. x1,360. )
Fig. 3. Enlargement of Fig. 2 showing nucleus with diffuse chromatin. E.M. x5,200.

Fig. 4. Plasmodesmata connecting the megasporocyte o surrounding nucellar cells.
Note plasmodesmata in the walls between nucellar cells. E.M. x6,020.

Key to Abbreviations: I, integuments; M, megaspore; Mb, myelin-like bodies; N,
nucleus; Nu, nucellus, P, plasmodesmata. ) '






Electron and fluorescent mncrographs of soybean megasporocytes.

Fig. 5 Mitochondria, vacuoles and a protem body in the megasporocyle E M.
x29,200.

Fig. #. Megasporocyte of soybean after callose deposition. Note uuckened wall (W).

EM. x15,200.
Figs. 7 & 8. Fluorescent micrographs showing callose deposition only along the .
. micropylar walls of the megasporocyte. x980.

Key to Abbreviations: M, mitochondria; N, nucleus; PB. protein body, V, vacuole.






Expanded megasporocyte and inner nucells of soybean. -

Fig. 9. Expanded megasporocyte and associated inner nucellar cells. EM. x3, 560.
Fig. 10. Expanded megasporocyte showing invaginations of the plasmalemma (arrow). .
and plasmodesmata in the megasporocyte wall. E.M. x19,600. _
Fig. 11. Collection of vacuoles in the micropylar end of the expanded
megasporocyte. E.M. x20,000.

Fig. 12. Collection of vacuoles in the chalazal end of the expanded megasporocyte
Note the pinocytotic actwuy of the plasmalemma (arrow). E.M. x21,000.

' l(ey to Abbrevlatlons G. golgi body; In, inner nucellar cell; M, megaspore; Nu
nucellus; P. plasmodesmata; V, vacuole.






15

. thinner walls and more translucent cytoplasm. I propose that this celiular region be referred (0
as the "inner nucellus” to differentiate it from the remainder of the nucellus, the "outer
,nucellus”. Once the innet nucellar cells are formed their characteristics do not appear Lo vary
_until they are destroyed by embryo sac expansion. Figures 9, 13 - 16 show parts of the inner
nucellar cells from ovules at different developmental stages. The fluorescein aniline biue
shows that the walls of the inner and outer nucellus are simmilar in containing only k;w levels
of callose (Fig. 17). Calcofluor White M2R indicates the presence of cellulose in the walls of
both cell types (Fig. 18). The walls of the inner and outer nucellus are also similar in that
both contain numerous plasmodesmata (Figs. 9, 13, 14 & 16). Staining secuons with the
metachromatic stain TBO suggests that inner nucellar cells contain an elevated level of RNA
(Fig. 19). Ultrastructural observations show that differences in cytoplasmic density between
the two nucellar cell types results from an increase in ribosome concentration of the inner
nucellar, Sells. Transitional cells occur adjacent to the inner nucellus which are intermediate in
cytoplasmic density and/or wall th'ickness. When an inner nucellar ¢ell is adjacent to either an
outer or a transitional nucellar cell the wall is of an uneven thickness. The thicker side is
toward the inner nucellar cell (Figs. 14 & 15).

It is assumed that meiosis occurs in the megasporocyte resulting in formation of a
linear tetrad of megaspores (Figs. 20 & 21) with the chalazal megaspore being the largest of
the four (Fig. 22). Each of the megaspores is highly vacuolated and gomains a large nuclcus..
Staining with aniline blue shows that the walis separating each of the megaspores from one
another contains callose (Fig. 17). These walls are perpendicular to the long axis of the
nucellus (Fig. 19). No fluorescence was seen on any of the lateral wa’lls of the megaspores.
Staining of the same tissue with Calcofluor White M2R did not result in the fluorescence of
the wall separating the megaspores (Fig. 18). Figure 24 shows one of the walls that separate
the megaspores at a higher magnification. This wall differs from other walls of jhe inner or
outer nucellus in that the fine striations contained in the walls of the nucellus are not evident
in the walls that separate the megaspores. Megaspore walls have an amorphous structure, the

only electron density associated with the wall occurs in a band of irregular thickness along one



Inner m‘»ccllar cells in the soybean ovule.

Fig. 13. Inner, outer and transitional nuceliar cells. Plasmodesmata connect all 3 cell
types. E.M. x9,040.

Fig. 14. Inner and outer nucellar cells. Arrows indicate the middle lamella. EM.
x16,000.

Fig. 15. Enlargment of Fig. 13 showing the middle lamella between 2 inner nucellar
cells and between an inner and transitional nucellar cell. E.M. x44,000.

Fig. 16. Inner, outer and transitional nucellar cells. E. M. x8,400.

Key to Abbreviations: In, inner nuceliar cell; On, outer nucellar cell, P,
plasmodesmata; Tn, transitional nucellar cell.






Callose wall separating megdspores in soybean.

Fig. 17. Aniline blue staining of thin section showing one of the callose walls
separating 2 megaspores. Note lack of callose staining along lateral walls. x625.
Fig. 18. Calcofluor White staining of thin sections in Fig. 17 shows presence of
cellulose in walls. No cellulose was shown in the callosic megaspore wall. x625. /
Fig. 19. TBO suining of the same section as in Fig. 18. The light micrograph
shows the callosic wall (arrow) along with darkly staining inner nucellar cells. x625.

Key to Abbreviations: Cw, callose wall; In, inner nucellar cell; M, megaspore. On,
outer nucellar cell.






Méuspores in soybean. .

. Fig. 20. One of the megaspores showing micropylar callosic wall (arrow) and
nucleus. EM. x1,470..

Fig. 21. Two megaspores showing highly vacuolate nature of these celis. EM.
x4,400.

Fig. 22. The chalazal, functional megaspore. EM. x5,200.

Fig. 23. High magnification of megaspore’s cyloplasm showing myellndke body,
strands of rough endoplasmic reticulum md vacuoles. E.M. x8.400. ,

Kcy to Abbreviations: Cw, callose wall; In, mner nuce]llr cell; M, megaspore; Mb,
myelin-like body; On, outer nucellar cell. Pb, protein body; Rer, rough endoplasmic
reticulum; V, vacuole. ,






Callosic wall and expansion of the functional megaspore.

opaque material along one side of the wall. x29,200.

. Fig. 25. Expanded functidnal megaspore and the remains of the degenera
megaspores (arrow). L.M. x625.

Pig. 26. The dark osmiophilic remains of the 3 micropylar megaspores. E.M.
x11,200.

Fig. 27. Aniline blue stained secuon showing the callosic wall lining the micropylar
extent of the megaspore. x980.

Fig. 28. Calcofluor White staining shows cellulose is present in the micropylar wall
(arrow) of the functional megaspore in Fig. 27. L.M. x980.

Fiy; 24. Callosic wall with dark pore-like areas.(arrows) and a band of ‘lron

Key to Abbreviations: Cw, callose wall; Dm, degenerated megaspore; Fm, f unctional
megaspore, Pb, protein body;, V, vacuole.
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side of the wall and small round areas in the electron translucent region of- the ;\/all that may
be vestiges of plasmodesmata (Fig. 24). Plasmodesmata were only seen in the chalazal
“megaspore in walls cgrprﬁon with the nucellus (Fig. 22). Besides the diffuse vacuome that ‘
characterizes the megaspores (Fig. 21) proteih bodies, mitochondria, myelin-like bodies and
segments of rough endoplasmic reticulum (RER) (Fig. 23) are seen.

The three micropylar megésporcs dcgen;:rz'ue leaving a single large chalazal megaspore
(Figs. 25 & 26). Staining of sections from the ovule used for-Fig. 25 with aniline blue (Fig.
27) and Calcofluor White (Fig. 28) show that the aniline blue posili\;e \'v.all is now displaced

toward the micropylar region of the embryo sac and that the micropylar wall of the

megaspore is now Calcofluor positive. '
;o , , ,
Continued expag‘sion of the function gaspore is accompanied by formation of

various sized vacuoles (Fig.#‘). Large osmiophilic bodies are present in the cytoplasm, some
of which are closely associated with areas of membrane resembling myelin-like bodies (Fig.
36)).‘The activity of the Golgi apparatus in.this cell is particularly conspicuous (Fig..31).
Most Golgi seem to be located near vacuoles and the vesicles formed appear to be fusing with
vacuoles. Protein bodies and myelin-like bodies are also found fusing wfth vacuoles at lh;s
time (Fig. 32).

The metaphase plate of the first mitotic division.in megagametogenesis is roughly A
perpendicular to the long axis of the embryo sac (Fig. 33). The embryo sac at this time is
connected to the nucellus by plasmodesmata (Fig. 34) and the cytoplasm has lost all of its )
large vacuoles with its vacuome now consisting of a diffuse assemblage of smaller vacuoles
(Figs. 34 & 35). Mitochondria, strands of RER and plastids are also present at this
developmental stage (Figs: 35 & 36). Micrographs such as Fig. 39suggest that there is a
polarity in the em_bryo sac at this stage with most of the vacuoles located in its micropylar
region. Also, duriné this phase of development invaginations of the plasma membrane seemns
to be occurting in the micropylar region of the embryo sac (Figs. 35 & 36).

After the mitotic chromosomes separate and the two nuclei are re-established the large

central vacuole is formed (Figs..37 - 39). During this developmental stage the plasmalemma



One-nucleate embryo sac.

Fig. 29. One-nucleate embryo sac shows centrally placed nucleus and an assemblage
of vacuoles. E.M. x3,560.

Fig. 3. A condensed myelin-like body associated with a vacuole. E.M. x20,340.
Fig. 31. Golgi bodies producing vesicles. Some vesicles are seen fusing with a
vacuole. E.M. x58,800. ,

Fig. 3. Protein body and myelin-like body fused with a vacuole. E.M. x35,600.

Key to Abbreviations: G, golgi body; Mb, myelin-like body; N, nucleus; P,
plasmodesmata; Pb, protein body; V, vacuole; Ve, vesicle. '






Transition from 1- to 2-nucieate embryo sac in soybean.

Fig. 33. Metaphns'e plate (arrow) perpendicular to the long axis of the embryo sac
during the first mitotic division of megagametogenesis. L.M. x625.

Fig. 34. Plasmodesmata in the embryo sac wall. E.M. x6,600.

Fig. 35. Cytoplasm in the embryo -sac showing polarity in the location of the small
vacuoles. Note the invaginations of the plasmalemma (arrow). E.M. x9,040.

Fig. 36. Invagination of the plasmalemma in the embryo sac (arrows). E.M.

x20,000.

Key to Abbreviations: G, golgi body; Mb, myelin-like body; P, plasmodesmata; V,
vacuole. . .






Two-nucleate embryo sac in soybean.

Fig. 37. A sagittal section of the 8-nucleate embryo sac with a large central

vacuole. E.M. x3,440.

Fig. 38. Chalazal end of the 2-nucleate embryo sac showing nucleus and
invaginations of the plasmalemma (arrows). E.M. x9,100.

Fig. 39. Micropylar end of the 2-nucleate embryo sac showing the nucleus and
invaginations of the plasmalemma (arrows). Note infolding of smooth endoplasmic
reticulum (SER) to form a vacuole (asterisk). E.M. x31,200.

Key to Abbreviations: G, goigi body; M, mitochondria; N, nucleus; Ob, osmiophilic
body; V, vacuole.
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continues to produce invaginate (Figs. 38 &-39). Also, infolding of smooth endoplasmic
reticulum (SER) also results in vacuole formation (Figs. 39 & 40). Myelin-like bodies (Figs.
4] & 42), protein bodies (Fig.40) and Golgi vesicles (Fig. 43) are often seen fusing with the
central vacuole. The cytoplasm of the 2-nucleate embryo sac is seen to be f illed with
mi.lochondria (ng. 39). Golgi bodies (Fig. 43) and many osmophilic bodies (Figs. 37, B &
40). ’

The second mitotic division results in a 4-nucleate embryo sac. By this developmental
stage the inner nucellus is almast completely duﬁoyed in areas associated ‘with thé micropylar
region of the embryo sac (Fig. 44). The plane of division as reflected by the position of the
resultant nuclei in the micropylar region is perpendicular to that of the previous division (Fig.
44). However, the plane of division appears to be somewhat more variable in the chalazal
region where it is oblique ranging somewhere between perpendicular to parallcl to the long
axis of the embryo sac (Fig. 45). During the development of the 4-nucleate embryo sac there
are changes in the position of the nuclei. In the micfopylar region of the embryo sac the 2
nuclei separate and one then assumes a position sliginly more chalazal than theWher (Fig.
46). In the chalazal portion of the embryo sac the 2 nuclei move from their oblique position
to one that is parallel to the long axis of the embryo sac (Fig. 47). Plasmodesrhata gg&fen
the embryo sac to the cells of the inner nucellus in the chalazal region of the embrﬁ\n Xsac\ ~
(Figs. 45, 47 & 48). A few of the previbusly undifferentiated plastids form starch g?!‘xh’s' (Fig.
49) and the cytoplasm is filled wilim myelin-like bodies (Figs. 47 & 49), vacuoles (Figs. 45 -
47, 49 & 50) and mitochondria (Fig. 50). Golgi bodies occur throughout the cytoplasm (Fig.
49) but their activity is especially intense in later stages of development '( Fig. 51). The plasma
membrane continues to exhibit membrane configurations that indicate with pinocytotic activity
(Fig. 52) and much of th'e Golgi apparatus seems (o be located near the large central vacuole
where many of its vesicles are seen fusing with this vacuole (Figs. 53 - 56).

In later stages of development in the 4-nucleate embryo sac there appears to be an
increase in membrane systems found within the central vacuole (Figs. 57 - 60). Many

osmiophilic bodies are produced throughout the cytoplasm (Figs. 46 & 47). These bodies are



Cytoplasm of the 2-nucieate embryo sac.

Fig. 40. Protein body fusing with the major vacuole and infolding of SER to form
a vacuole (asterisk). E.M. x48800.

Fig. 41. Myelin-like body fused with the large central vacuole. E.M. x14400.

Fig. 42. Another form of a myelin-like body fused with the central vacuole. EM.
x17,600.

Fig. 43. Golgi bo%v in the cytoplasm and vesicles fusing with the vacuole. E.M.
x35,600.

Key to Abbreviations: G, golgi body; Mb, myelin-like body. N. nucleus; Ob,
osmiophilic body; Pb, protein body. V, vacuole; Ve, vesicle.






Four-nucleste embryo sac in soybean.

Fig. 44. Sagitial section showing micropylar nuclei in ‘the embryo sac and extent of
the inner nucellus. E.M. x1,840. c 3
Fig. 45. The 2 chalazal nuclei in the same sac as Fig. 4. EM, x3,440.

Fig. 46.. Two micropylar nuclei after separation and chalazal movement of onme of
the nuclei. EM. x3,560. .
Fig. 47. The 2 chalazal nuciei after rearrangment. Both nuclei are parallel to the
long axis of the embryo sac. E.M. x5,340.

inner nucellar cell; Mb, mydin-like body. N, nucleus; Ob,
esmata; Pb, protein body; V, vacuole.

Key to Abbreviations:
osmiophilic body;
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Cvtoplasm of the 4-nucleate embryo sac.

Fig. 48. Plasmodesmata in the chalazal end of the embryo sac wall. E.M. x33,200.
Fig. 49. Chalazal end of the embryo sac showing myelin-like body and a
amyloplast. E.M. x20,800.

Fig. 50. Mitochondria and vacuoles in the embryo sac cytoplasm. E.M. x26,400.
Fig. 51. Golgi bodies in the embryo sac cytoplasm. EM. x33,200.

Key to Abbreviations: A, amyloplast; G, golgi body, In, inner nucellar cell; Mb,
myelin-like body; Ob, osmiophilic body; V., vacuole; Ve, vesicle.
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Cytoplasm of the 4- nuclcate embryo sac.

"“the plasmalemma (arrows). E.M. x29,200.
> myelin-like body located adjacent to the central vacuole.

>

Fig. 54. Golgi body forming vesicles and vesicles fusing with the central vacuole.
E.M. x44,000.

Fig. 55. Golgi body producing vesicles some of which appear 0 be fusmg with the
central vacuole. E.M. x41,600.

Fig. 56. Vesicle fused with the vacuole (Ve). E.M. x86,000.

Key to Abbrevhnons G goigi body; Mb, myelin-like body; Ob, osmlophlhc body.

V, vacuole, Ve, vesicle. nh
| |






Membrane proliferations associated with the major vacuole of the 4-nucleate embryo
sac.

Fig. 57. Membrane profiles (arrows) of an expanded myelin-like bod)' in the
vacuole. E.M. x20,000.

Fig. 58. Membrane profile (arrows) of an expanded myelin- hkc body in the vacuole.
E.M. x20,000.

Fig. 59. Attachment of membrane profiles to the vacuolar tonoplast (arrows). E.M.
x35.600.

Fig. 60. Myelin-like -body enclosed in the vacuole. EM. x44,000.

Key to Abbeeviations: G, golgi body; Mb, myelin- hke body; Ob, osmiophilic body;
V, vacuole.
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often found associated with or arq-‘.l?;lated'ori the periphery of a vacuole (Figs. 52, 53 & 57).

The third mitotic division r;:sults in an 8-nucleate 7-celied cm!;rygi-séc_. The ‘process of
karyokinesis and cytokinesis appear to be closely tied.since no 8-nucleate, aéelluhrﬁembrfo sac
was found in the course c;f the study?® Figure 61 shows 2 of the cells of the egg apparatus a
the youngest developmental stage observed. The cells have dense cytoplasm without the
scattered vacuoles common in the cytoplasm of 4-nucleate embryo sac. Figures 62 - 68 show
sections of a young egg apparatus from an embryo sac which is slightly older. iss8 dense, and
| more vaﬂolalc than the one shown in Fig. 61. It appears that the density of the cytoplasm
and the lack of vacuoles are corrélated with the developmental stage of the egg apparatus. At
this stage of development i} is difficult to determine if a particular egg apparatus cell is an egg
ora syngrgic}»ﬁéciu;e' none of the most obvious cetlular characteristics are present. In the
mature c.gg' apparatus some of the differences are the points of attachment to the embryo sac
wall, the relative positions of the largest vacuole and the nucleus in the cell, the presence or
absence of a filiform apparatus and the size and distribution of wall packets around the
chalazal end of the cells (Folsom & Peterson, 1984).

Inspection of an egg apparatus slightly older than that in Fig. 61 reveals the relative
positions of‘ nuclei and walls after cellularization has occurred. When viewed in this manner it
is possible, even before development of the characteristic large vacuole, to classify an egg
apparatus cell as either an egg or synergid. Because of relative position, the cells \yilh the
lowermost nuclei (Fig. 66) are assumed to be "ngrgids while that with the uppermost nucleus
an egg (Figs. 62 & 63). From this series (Figs. 62 - 68) of micrographs it is apparent that the
cells of the egg apparatus are separated from one another and the central cell by three walls
forming two distinct sets. The first set is comprised of a wall, the top wall, which is roughly
perpendicular to the long axis-of the embryo sac and separates the cells of the egg apparatus
from the cemral'cell\ (Figs. 62 - 68). The second set is composed of two walls, the egg
apparatus common walls, that divides the micropylar base of the embryo sac into the cells‘of

the egg apparatus (Figs. 63 & 64). One wall in the second set of two walls is paralle] to the

embryo sac's long axis and continuous across the entire megagametophyte base dividing it into



Young egg .apparati in soybean.

Fig. 61. Youngest egg apparatus observed. Note dark cytoplasm and thick walls.
E.M. x6,600. . :

Figs. 62-66. Series of m'icrograplb through an egg apparatus slightly older than that
in Fig. 61 showing the 3 walls which separate egg and synergid cells from each
other and the central cell. Figs. 62 & 63 show an egg nucleus while Figs. 64 - 66
show synergid nuclei. Figs. 63 & 64 show the third egg apparatus wall (arrows)
which separates the egg from the synergid in one-half of the embryo sac base.
Figs. 62 - 66 all show the top and common wall of the egg apparatus. EM.
x4,300. :

Key to Abbreviations: Cc, central cell; Cw, common wall; Ea, egg apparatus cell;
En. egg nucleus; Esw, embryo sac wall; Mpn, micropylar polar nucleus; Sn, synergid
nucleus; Tw, top wall.






Young egg and antipodal apparati in soybean.

Figs. 67 & 68. Continues series begun with Fig. 62. Micrographs show both
synergids and micropylar polar nucleus. E.M. x4,300.

Sections through an antipodal spparatus showing all antipodal cells (Al\'\. A2.‘\3).

Fig. 69. Antipodal apparatus showing 2 cells and the chalazal polar nucleus. E.M.

x4,400.

Fig. 70. Median section of the wall which separates the two most micropylar
antipodal cells containing cross sections of plasmodesmata (arrows). E.M. x6,600.
Fig. 71. Third antipodal cell in the same embryo sac as Figs. 69 & 70. E.M.

x3,440.

Key to Abbreviations: Cc. central cell; Cpn, chalazal polar nucleus; Cw, common
wall; Mpn, micropylar polar nucleus; P, plasmodesmata; Pb, protein body. Tw, top

wall; V, vacuole.
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two roughly equal lulv’ (Figs. 62 #8). In one of these halves an egg and synergid are
formed (Figs. 63 - 66) while the other contains a single synergid (Figs. 62 - 68). The second

wall, in the second set of egg apparatus walls is oblique to the other two walls and separates

the egg and synergid from one another.

The central cell and antipodal. apparatus are also formed at this time. The major
fc;tures of the cengral cell are the vacuole that develops during the 2- and 4-nucleate stages
(Fig. 62) and the polar nuclei that are found at the micropylar (Figs. 67 & 68) and chalazal
(Fig. 69) ends of the cell. Wall ingrowths and multigrain amyloplasts (starch p&kets).
prominent features of the mature soybean central cell (Folsom & Peterson, 1984) are not
present at this time. L ‘ .

The arrangem and shape of antipodal cells rbTieax the nuclear posmon during the
late 4-pucleate stage and embryo sac structure at that mt“Stmgp y the ch
portion of the embryo sac is cone shaped at uge hte 4,nude§; m‘%g @
cellularization 3 walls form separating the antlpo@ ce\}s fr@ each @&:nd lb.c cen

(Figs. 69 - 71). Two of these walis ar( ; pnnllel 10 uch othsslnd pe?pem{cular
%

3 .

e
i

The development of the cells of the egg app}&l& ;
1

pafams bell.nmmedxately after celluhmauon

N

" s}nall vacuoles and is encloseq in thick,

In soybean the cytoplasm of each eg

+

is extremely dense with a large nucleus
highly dissected walls. The walls that se s ,?’of the egg apparatus from one another are

foughly perpendicular to the one that i g apparatus from the central cell (Fig.

'61). The formation of vacuoles micropyh nucleus ahd chalzal to the synergids

nuclei are the fi irst events that allow Lhe'



Egg appanatus cells showing a pyramidal shape.

Fig. 72. Three egg apparatus cells (asterisks) at the pyramidal stage. L.M. x625.
Fig. 73. Same section as Fig. 72 stained with Caicofluor White showing cellulose in

egg apparatus cell walls (W). x980.
Figs. 74 & 75. Sections through the same embryo sac as in Fig. 72 showing

presence of small vatuoles (V). L.M. x625.






Columnar shaped egg apparatus cells.
Fig. 76. Light micrographﬂ showing egg and synergid cells. TBO. x750.

Series of micrographs through a columnar shaped egg apparatus showing attachment
.of cells to the embryo sac wall.

Fig. 77. Egg with characteristic micropylar ‘vacuole. E.M.A@}Q&.‘
Fig. 78. Three egg apparatus cells with portion{ of 2 synergid /nuclei. E.M. x3,560.
Fig. 79. Synergid with characteristic .chalazal vacuole. E.M. x5,200. '

Key to Abbreviations: Cc, central cell; E, egg; Esw, embryo sac wall;_'Ma.'multigrain
amylopla_st; N, nucleus; S, synergid; V, vacuole; Wi, wall ingrowth. '

)
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Figures 77 - 79 are all from an embryo sac in which the egg apparatus cells have cxpanded.A
each containing a large vacuole. Other than nuclear and vacuolar positions theze is no
difference among egg apparatus cells in their cytoplasm, pature of the surrounding walls, or
point vof attachment to the embryo sac wall.

. Throughout expansion and differentiation of the egg apparatus there are progressive
increases in length and corresponding decreases in cell wall thickness and cytoplasmic density.
When measurements are fiade of the youngest embryo sac observed in this study the cgg' )
apparatus cells had a maximum length of 294 'um. During the course of development there is a
greater than 11-fold increase ia cell length to approximately 27 um. The effect of the
elongation process can be seen in all of the egg apparatus walls but is most obvious in the top
wall and the chalazal region of the walls séparating the egg and synergid cells. .

Aa already stated the egg apparatus consists of 2 sets of walls. Initially these walls are
all structurally similar in that they are heavily dissected by electron densg- t}ands suggestive 6[
plasmodesmata and lack a middle"lamella (Figs. 61 & 80). The first set is: compcased entirely
of the top wall that separatea thebchalazal region of the egg appafaaus«éqlls from the central
cell while the second set is a system of. t\a/o walls that acparate theg synergids- from one another
and the egg cell. Although there are some regional variations m thickness, the egg apparatus
top wall is-initially 400 nm L;HCK’(Flg 80). During its xmual expansion this wall separates into
discrete units that appeaw hax?been previously defined by these electron dense bands (Fig.
81). Next a thinning ofrihe wall oacurs as its thickness decreases by at least 50% in some areas
(Fig. 82). The result is a wall consxstmg of discrete wall packets approxxmately 205 nm in
thickness separated by areas of pla;m#nembrane contact in the- e‘g (F}g 83). There appear
to be more and larger wall packets per unit length in the egg than, thc syncrglds (compare
Figs. 83 & 84). The dimensions of these packets can later mquu. presu:nably due to Qolgi
activity (Fig. 85):

-

The second system of walls are often referred to as the common walg of the egg

~

a;;paratus. In the chalazal-most grea of the common walls where they fase wifh the top wall

of the egg apparatus, the wall also undergoes thinning and segmentation mglung ina o
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Egg dpparatus, top wall showiﬁg thinning and segmentation with cellular expansion.
All election micrographs x40,000. .

Fig. 80. Youngest egg apparatus observed.

Fig. 81. Egg apparatus in which the top wall shows segmentation (arrow).

Fig. 82. Top wall of a columnar shaped egg apparatus. -,

Fig. 83.,7Top wall of. an expanded egg cell. Note wall packets (arrows) separated by

thin areas.

o ig. 84. Top wall of an expanded synergid cell. Note fewer w‘all packets (arrows)

é,‘}/ r unii length than in the egg (Fig. 83).

\

Fig. 85. Top wall of mature egg cell showing a wall packet (arrow). Expansion of
wall ‘packets appears to occur through golgi activity. :

Key to Abbreviation$: A, amyloplast; Cc, central cell; E, egg; Ea, egg apparatus cell;
G. golgi Wody; Ma, multigrain amyloplast; Pb, protein body; S, synergid; Tw, top
wall.
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decrease in thickness from 270 nm to areas of membrane contact with wali packets of 150 nm
.in diameter. Overall expansion of the egg apparatus results in the development of the h-
characteristic "Y " shaped intersection wh‘ich fotms at the point of attachment of the common
walls to the e'gg apparatus lop wall (Figs. 86 - 89). The base of the egg apparatus common
walls also undergoes a thinning from approximately 280 to 120 nm before the development of
the filiform apparatus (Figs. 90 & 91). .

The filiform apparatus forms after the differentiation and expansion of egg apparatus
cells. Examination of sections through an egg apbaratus reveals that the first sign of a
filiform apparatus is a swelling in the base of the synergids' common wall (Figs. 92 & 93).
The filiform apparatus first appears as a number of finger-like pro;ccuons th:t radiate from
the common wall of the synergids (Fig. 94). In later stages of development thcsc projections
continue to grow further into the synergid cytoplasm (Fig. 95). At this later stage of
deve.lopmcni, the filiform apparatus has grown extensively into synergid cytoplasxq but the
area of attachment to the base of 2he gommon wall does not appear to expand (Figs. 96 &
97). Cross sections of the micropylar end of an embryo sac show that the filiform apparatus
forms not only at the micropylar base bin also at the center of the wall between the two
synergids (Figs. 98 - 101). In a Cross sectional view the filiform apparatus also shows the
restricted point of attachment 1o the synergidss_ynergid wall seen in longitudinal section. The

filiform apparalus along with the walls that surround the cells of the egg apparatys fluoresce

after b&ﬁumed thh Calcoﬂuor White M2R (Figs. 73 97,9 & 101)

As shown earlier, the egg apparatus begins as a group of cg o
. wall t.haf‘f used to the cmbryo sac wall and separates lhc egg ‘ ‘. s T the central

" cell. thn th: angle betwqen the top wadh of Lhe egg app&rﬁ:tﬂs SR wéll
) B R % . -y A 4‘ ; e .
! ‘}contamed i thc central cell 1s dctermmed it ranges from acute 1GRIBERS (

?

th expansxon of‘ the egg apparatus cﬁhns angle becones strictly acuﬂe

15’ (Fig. 102). e ”

- AS 1he egg apparatus cells eXpand thcn’ cytoplasmac contents bacome more

-

' recogngble. The cytoplasm of Lhe;e cells is umformly dense at maturity. In both cell types

1

B ';;el.anvely ﬂat top .



Attachment of comon wall to the egg apparatus top wall.

.o,
Fig. 86. Egg applrdus in a young embryo sac. The common wall is 270 nm thick
(arrows) at the point of attachment to °the top wall. E.M. x44,000.
Fig. 87. Slightly older embryo sac than in Fig. 86. Common wall is 240 nm thick
at point of attachment (arrows). E.M. x41,600.
Fig. 88. Shows segmentation of common wall with expansion of egg apparatus.
E.M. x29,200.
Fig. 89. Cpmon wall between two synergids. Wall packets (arrows) are separated
by membrane .areas. E.M. x26,400.

Key to Abbreviations Cc, central cell Cw common wall; Ea, egg apparatus cell; S,

synergid; Tw, tOp wall. .






Base of egg apparatus common wall.

Fig. 90. A common wall in the youngest egg apparatus observed. E.M. x44,000.
Fig-. 91. Wall in egg apparatus older than in Fig. 90. Note thinning of wall. E.M.
x16,000. -

L]

Figs. 92 & 93 begin a sequence showing swelling of synergid's common wall as ’
sections approach the filiform apparatus.

Fig. 92. Synergid common wall in ‘egg appasatus older than in Figs. 90 & 91. Note
absence of swelling in the basal part of the common wall {arfows). E.M. x11,200.
Fig. 93. Synergid common wall showing swelling in the basal region near the
filiform apparatus (arrows). E.M. x9,040.

Key to Abbreviations: Cw, common wall; Ea, egg apparatus cell; Esw, embryo sac
wall; Mb, myelin-like body; N, nucleus; P, plasmodesmata; S, synergid.

!
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Filiform apparati in soybean.

Fig. 94. Continues series begun in Fig. 90. Young filiform apparatus in soybean.
EM. x9.,040. . .

Fig. 95. A filiform apparatus in a mature embryo sac. E.M. x6,600.

Fig. 96. Section showing restricted nature of filiform apparatus attachment to the
synergid common wall in soybean. E.M. x17.600.

Fig. 97. Calcofluor staining indicates that cellulose is present in the filiform
apparatus at the base of the synergid’s common wall and egg apparatus walls
(arrow heads). x980. . .

Key to Abbreviations: Esw, embryo sac wall; Fa, filiform apparatus; M,
mitochondria; N, nucleus; P, plasmodesmata; S, synergid. :
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Cross sections ‘of the soybean filiform apparatus. ' .

-

Fig. 98. Base of egg apparatus showing location of the filiform apparatus in the
embryo sac. L.M. x625.

Fig. 99. Same section as Fig. 98 affer staining with Calcoffuor ‘White. The section
shows the relationship of the egg spparatus cells with the embryo sac wall. x980.

Fig. 100. Section chalazal to that in Fig. 98. L.M. x62S.

Fig. 101. Same section as in Fig. 100 after suining with Calcofluor White showing
the relationship of egg apparatus cells with the embryo sac wall. x980.

. ‘ii_ey to Abbreviations: Cc, central cell; E, egg: Esw, embryo sac wall; S, synergid.
) d , ) E]
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Egg apparatus cells after expansion. '

Fig. 102. Synergids after expansion. Angle between s ynergldpop wﬂ,amws) and -
‘embryo sac wall is approximately 15°. E.M. x8,400.s;

Fig. 103. Mature egg and. synergid. E.M. x6,600. : * o -
Fig. 104. Egg cytoplasm containing amyloplasts. E.M. x20, 800 ” .
Fig. 105. Synergid cytoplasm contammg a network of RER. E.M. x20,800.

Key to Abbreviations: A, amyloplast; Cc, central cell; Eegg Esw, embryo sac wall;
G, golgi body; Ma, multigrain amyloplast; N, nucleus; Rer, rough endoplasmic
reticulum; V, xacuole; Wi, wall ingrowth. o ‘

.
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lipoid bodies are distributed throughout the cytoplasm and Golgi bodies tend to occur near the
walls (Figs. 103 - 105).-The egg is distinguished by the chalazal position of its nucleus with
respect to its major vacuole (Fig. 103) and by the possession of amyloplasts (Fig. 104). h.‘.-w
contrist the syrier.gids appear to lack amyloplasts and contain nctworks. of rough endoplasthic
reuculum (RER) 2 cpalazal vacuole and mncropylar m@m (Fxgs 102, 103 & 105).

cenulanuuon a large part of the wall mmall) enclosil h of the egg
’

LS i< made up of embryo sac wall (Figs. 63 & 64). As egg and syncrgid cells
e cxpand/ © the central cell she total amount of wall that encloses these cells increases. This
. “\-‘/

- ‘{, Tesults ina decrease in the relative percentage of embryo sac wall that encloses each of the egg
appara»tus cells. In a mature embryo sac, a series of cross sections progressing from the
mxcropvlar base to the chalaul termirtus shows the cellular arrtngemcm along with the extent

' of attachment to the embryo sac wall, ';'hcse secuons show that a syne ,gnd is the fi 1rst cell to
begin to lose\onlact wnh the embryo sac wall (Fig. 99). Further f rom the embryo sac's
mch basc this sy ncrgnd becomes oompletcly  separate from the embryo sac wall and a
portion of the latera] wall of the egg is also free (an 101). More chalazally the other

synergid starts to separate from iife embryo sac wall as well (an. 106). About midway up the
syncrgi&, in the region of th\ir nuclei, both cells are free and only a portion of the rgg is still.
f us::d to the embryo sac wall (F‘ig. 107). Chalazal to the synergid nuclei all of the cell.r; are
free froM the embryo sac wall- (Fig. 108). Ultimately both gynergids disappear and only the
egg cell profile remains (Fié. 109). ) l d

s o lnspectign of egg apparatus cells after expansibn reveals plasmodesmata in the wall

v between synergid cells chalazal to the filiform apparatus (Figs. 94 & 95) and in the walls

.
. between the egg and synergid cells (Figs. 110 & 111). Plasmodesmata also occur in the wall ‘M

" between synergids and central cell in the region of the synergid hook (Figs. 102 & 103) and in
the area of the egg hook in the wall common to the egg and cenqal cell (Fig. 111). However,
no plasmodcsmata'were found in the embryo sac wall between the egg apparatus cells and

~ nucellus.
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“Cross section of egg apparatus cells showing relationship of cells with the embryo

sac wall. , . .
L] .

Fig. 106. Synergid free from the embryo sac wall while the other synergid and egg

cell are still fused, with the embry, wall, Note distribution of wall ingr@Wwths in

the central cell near the.egg ap g cells. E.M. x3,440.

Fig. 107. Section more chalacal to that in Fig. 106. The egg is tht only ccg still

attagd to the embryo sac wall (arrows). EM. x7,800. '

Ay

Jlg. 108. .All egg apparatus cells are now free from the embryo sac wall. Note
- «(@istribution of gentral, cell’.y;ll ingrowths near the egg and one of the synergids.

x3, ' .
Fig. 109. Secdén chalazal to that in Fig. 108, showing only gprofil® of the egg
cll. EM.x208§ .

.o - C o 0 . .
Key to Abbreviations: Cc, central E. egg; Esw, embryo sac wall; Ma, Jnulligrain :
amyloplast; . R, plasmodesmatay |§. syMergid; V, vacuole; Wi, wall ingrowth. : v
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T}le egg appasatus an’ central cell in soybean. | s . %

Fig. 110. Phsmodesm‘ (arrows) in the wall between egg and synergid cells. BM.
x31200, . - v v ’ :
. Fig. ll‘l. Plasmodesmata (arrows) in the walls beiween the egg arnd synergid and
the synergid and central cell. EM. x14,000. . '
Fig. 112. Micropylar polar nucleu

M. x11,200. | .y
Fig. 113. Area of small wall ingron (arrows) near the micropylar polar nucleus.

E.M. x33,200..
Key to Abbrevistions: Cc, ceptral g; E, egg: Mpn, micropylar polar nucleus; S,
synergid. ' "
h . ¥
, N ‘ .
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“r‘ 4+ . Developmental changes of the central cell: |
e ) . ) -~ .
i« - P "+ After embryo sac cellularization the central cell undergoes various developmental ,‘
y o

e ~ :
h‘ . changes before fertilization. It has been shown that the major“n.'ristic of the matur€ © %

w..,wsoybgn central cell includes the presence of many multigrain amyloplasts (starch packets), a, ¢ °

-

‘ -

koot pair of nuclei Whose membranes are partially fused and an area of wall ingrowths that occui?“'." '

& at the cell's micropylar base (Folsom & Peterson, 1984). .
e “The central cell throughout its development is delimited by embryo sac wall, the 1*ep

K | . wall of the egg apparatus (Fig. 61) and for a demin length of time the antipodals’ cha‘laz‘;l
.‘k .x .. walls (Figs. 69 - 71). Initially polar nuclei are located at the micropylar (Figs. 67 & 68) and ~
- . chaylazal ends (Fig. 70) of the young céi!l.ra'l cell. The remaindér of the cell is filled with a

»; : ,‘ large vacuole, a remnant of the one present in the 4-nucleate embryo sac. Cytoplasm is

_ Jmainy associated with the nuclei at both ends and to a lesser extent along the lateral walls of
' the~cel\. The f irs't sign of wall-ingrawth formation occurs in the micropylar base of* the central

¢
‘- -
.- ‘eell near one of the polar nuclei (Figs: 112 & 113). Wall ingrowths Mt pbserved on the

’ .‘v'

)

. =+ other side of the same embryb sac (Fig. 114).
Th'c young central cell amyloplasts are initially found near w#l ingrowths (Fig. 115).
. o . .

Mitochondria and protein i)odics are also found in the cytoplasm (Figs. 114 & 116). The few
small vacuoles in the cytoplasm at this time dppear to be restricted to.arc.aS near the polar
nuclei (Figs. 70-& 116). The 'vacudle in the central cell is like that of the late 4-nucleate
embryo sac since it cdntains many merﬁbraneous inclusions which appear to form a
subdividing network (Fig. 117). Myelin-like and osmiophilic bodies are often seen along the
pe;iphcry of the vacuole (Figs. .118 - 120). Dark osmiophilic bodies seem 0 expand and to
have some developmental association with the myelin-like bodies (Fips. 118 & 119).

Initially lhefe is only a ‘Lhin layef of cytoplism al&ng lateral walls of the central cell
and a large central vacuole (Fig. 117). As the central cell begins to fill in (Fig. 119) the |

’ vacuole nppears' o be segmented by the movement of cytoplasm along lines previously

established by membraneous inclusions within the vacuole (Figs. 117 & 120). As a result, the

S
small vacuoles initially found along the lateral walls of the cell are now found throughout.
&>



Central cell of soybean. -
Fig. 114. Micropylar base of the central cel opposite the side that contajns the
 micropylar polar nucleus. Note the absence of wall ingrowths on the embryo sac
awall. EM. x17,600.

ig. 115. A plastid conuining a few small starch grains. near the area of youhg
wall ingrowths. E.M. x58,800.

Fig. 1¥6. Vacuoles in cytoplasm at chalazal end of the central cell. EM. x14,000. .
Fig. 117. Central cell vacuole with membraneous inclusions after cellularization. EM. . .
x3,600.

' Fig. 118. Myelin-like bodies "associated with the central cell vacuole. E.M. x20,000.

Key to‘Abhl.evlations: A, amyloplast; Cc, central cell; Cpn, chalazal.polar nucleus;
Ea, egg apparatus cell; Esw, embryo sac wall; Mb, myelin-like body. Pb, protein "\
body; V., vacuole. .
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Central cell of sbybéan during the filling in phné.
-~

Fig. 119. Development of several| multigrain amyloplasts in the young central cell
and occurrence of osmiophilic bodies associated with the vacuole. E.M. x8.400.
Fig. 120. Movemant of cytoplasm into space previously occupied by the vacuole
along lines esiablished by membraneous inclusions (arrows). E.M. x11,200.

Fig. 121. Late stage of central gell filling in process. Note thin area of cytoplasm
between the vacuoles (arrows). .M. x20,800.
Fjg. 122. The polar nuclet becor’e associated while the central cell is still quite |
y‘Qolate. E.M. x4,400. -

. L *

! ("
Key to Abbreviations: A, .amyloplpst; Cc, central cell: Ea, egg apparatds tell; Ma;
multigrain amyloplast; <Ob, osmiophilic body; Pb, protein body; V. vacuole. - =
- , -~
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During early dcveIOplmenul stages in the central cell protein bodies are often seen fusing with
parts of the vacuome (Figs. 116 & 121). |
As the central e&ll starts to fill in and vacuole fragment, the chalazal polar nucleus
moves in a micropylar direction while the micropylar polar nucleus moves chalazally (Fig.
\122). The two nuclei appear to start rusing soon after they become paired and are located i |
near the chalazal end of the ogg appsmus (Ftp 123 & 124). Once paired the polar auclei
retain this central position (Figs. 125 & 126).
Bestdes presence of polar nuclei, other major features of the central cell are the area
of wall ingrowthé in the cell's micropylar base (Figs. 79, 1oi. 106 & 108) and rﬁuldznin
amyloplasts that occur throughout the cell (Fig. 127). Ocntr;l cell wall ingrowths are not
everlly distributed around the .drcﬁmference 6f the cell's micropylar base but tend to occur on _

areas of the embryo sac wall closely assocmed wjth the egg apparatus cells (Figs. 106 & 108). |

/
Mulugmn amyloplasts are shown to consist of grains containing insoluble carbohydrate by '

both the Thiéry (Fig. 128) and PAS test (Fig. 129). Central cell amyloplasts dif feremme
after cellularization but before fusion of the polar nuclex They are initially found as plasuds/
containing a few small starch grains (Figs. 115 & 127) but ulumnely expand to the point / .
where the plasuq memgbrane is difficult to dlscem (Fig. 130) AN |

At the developmenml stage when vacuolar comracuon ends and e‘xpanmn begms the

7

¥

cemral cell cytoplasm contains a large amount of dilated RER. Some q this RER can be se¢en

terminating ir arcas of smooth vesncular ER (Fig. 131). Concomitant with vacuolar expansxon
__Jis the f us?orx of ~vacuoles to multigrain amyloplasts (Fig. 132). Initially these vtcuoles can be '

seen throughout the cytoplasm f usin! not only with mulugram amyloplasts but also wnh

proteir bodies (Fig. 133;). Many small vacuoles attach to each starch packet 'u)iimntely fusing

with one another establishing a continuous network throughout Lhe.oenuﬁ céll_ (Fig. 134').

This network of va'cuoles‘ often contains flocculent material (i:';g. 134). Summg vntht -

Coomassie Briliant Blue shows that areas around the multigrain amyloplasts contsin protein

(Fig. 135).



Central cell of soybean.

Fig. 123. Polar nuclei located near the chalazal end of the egg apparatus. EM.
x5,720., _ '

Fig. 124. Fused membranes of polar nuclei in Fig. 123 (arrow). E.M. x29,200.
Fig. 125. Nearly filled .in central cell. Note majority of vacuoles remaining are
located .in the cell's chalazal end. E.M. x3,440.

Fig. 126. Completely filled in central ccll. E.M. x2,700.

Key to Abbreviations: A, antipodals; Ma, multigrain”, amyloplast; Pb, protein body;
Pn, polar nuclei; Pnm, polar nuclear membrane; S, synergid; V, vacuole.






Multigrain amyloplast - in the"Soybean central cell.

*,, Fig. 127. A young mulitgrained amyloplast showing its plastid membrane (arrows).
E.M. x29,200. ‘

Fig. 128. Section stained by the Thiéry procedure showing insoluble -polysaccharides.

E.M. x9,040. '

Fig. 129. PAS stained section shows extent of multigrain amyloplasts in thc central

cell. L.M. x660.

Fig. 130. Expanded multigrain amyloplast wnh the plasud mcmbrane still evxdem in

certain areas (arrows). E.M. x9,200.

. Key to Abbreviations: Cc, central cell; Ma, multigrain amyloplast; Pb, protein body,
V, vacuole: ‘ '
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Soybean central cell cytoplasm and multigrain amyloplast.

Fig. 131. Cytoplasm showing ER (arrow) and dilated rough endoplasmic reticulum.
B.M. x22,720.

Fig. 132. Vesicular golgi body in central cell cytoplasm. E.M. x26,000.

Fig. 133. Vacuole fusmg with both mulugram‘myloplms and protein bodies. EM.
x15,200. -

Fig. '134. Vacuoles fusmg to form a network through the soybean central cell EM,
x9,200.

Key to Abbreviations: G, golgi body: Ma, multigrain amyloplast Pb, protein body
Rer, rough endoplasmic reticulum; V, vacuole.
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Soybean central ¢ell and antipodal apparatus.

. ~
Fig. 135. Coomassie Brilliant Blue staining shows protein deposition around muitigrain
amyloplasts in the central cell (arrows).' L.M. x710.
ig. 136. Young antifoda! apparatus showing all 3 cells. Two of the celis are
chalazal to the third. E.M. x5,200.
Fig. 137. Oblique section showing an antipodal apparatus cell wall (arrows). ..
Nomarski. L.M. x870. \
Fig. 138. Section in Fig. 137 stained with Calcofluor White showing presence of
cellulose in the antipodal apparatus wall (arrow). L.M. x870.
Fig. 139. Antipodal apparatus with the third cell chalazal to the other 2. Note
presence . of plasmodesmata in the embryo sac wall and all walls common to the
antipodals and central cell. EM. x8,250.

y to Abbreviations: A, antipodal cell; Cc. central cell; M. mitochondria; N,
nucleus; P, plasmodesmata; Pi, plastid; V, vacuole.
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The antipodals:

In soybeah the 3 antipodal celis are ephemeral. They form as a result of cellularization
amd disappear well before fertilization. The arrangement of these cells reflects both position of
chalazal nuclei and shape of the late 4-nucleate embryo sac (Fig. 47). The antipodals are
organized into 2 tiers ﬁwith the micropylar layer usually consisting of 2 cell(.and the chalanl
one ;ing 1-celled (Figs. 69 - 71). However this conf igurﬁion does not appear to be fixed
since the opposite type of arrangement can often be seen (Fig. 136). Staining of an oblique
section of the amipodal; with Calcofluor White shows fluorescence of a wall which separates
these cells (Figs. 137 & 138). Plasmodesmata, also occur in the embryo sac wall connecting |
antipodal cells to inner nucellar cells, in the common walls of antipodals and in walls
separating the antipodals from the central cell (Fig. 139). Walls of the young antipodal cells,
like those of the egg apparatus, do not appear to contain a middie lamella (Figs. 69 & 70).
However, later in development the antipoda! walls appear to form a more electron dense area
which may be a middle lamella (Fig. 139). The cyloplasm of antipodal cells consists of a
prominent nucleus, strands of RER\ mitochondria, undif ferentiateg hlastids. and vacuoles

(Figs. 136 & 139).

The embryo sac. after pollen tube discharge:

After polien tube penetration of the embryo sac, discharge into a synergid‘ and sperm
target cell syngamy many changes are evident in the soybean embryo sac. The egg containing a
sperm nucleus has a dense cytoplasm filled with an elevated number of amxloplasts. a large
Basal vacuole and is covered on its chalazal end with a discontinuous layer of osmiophilic
material (Fig_s._ 140 & 141). The rest of the egg apparatus contains one persistent and one
degenerate synergid (Figs. 141 & 142). The darkly staiﬁing deg;enente synergid has walls that
are structurally abnormal, lacking the nucleus and large vacuole present in earlier
developmental stages (Figs. 141 - 1'4—13) The only recognizable features of the degenerate

synergid are the filiform apparatus in its micropylar base (Fig. 142). The pollen tube has



Egs awmu‘f soybean at the approximate time of fertilization.

'Fig. 140. Egg cell showing breakup of the micropylat vacuole. E.M. x2,080.

Fig. 141. Egg apparatus with persistent and degenerate synergids and egg cell
containing a sperm nugleus. Noie the presence of an ofmiophilic layer enclosing the
egs cell that is continuous with the degenerate synergid and the breakup of the
persistant synergid's chalazal vacuele. E.M. x4,400.

Fig. 142. Scatiered small vacuoles in the egg and persistent synergid cytoplasm.
EM. x2,080.

Fig. 143. Wall separating the egg from persistent and degenerate synergids (arrows).
Note degenerate nature of the wall between the degenerate synergid and egg cell
when compared to that between the persistent synerfid and egg. E.M. x17,600.

Key to Abbrevistions: Cc, central cell; Ds, degenerate synergid: E, egg: Fa, filiform
apparatus; N, nucleus; Ps, persistent sgnergid; S, sperm nucleus; V, vacuole; Wi,
wall ingrowth. 5 s -






) Pollen tube in the embryo sac.

. 144. Route of polen tube into o synergid. E.M. x14,000.

Fig. 145. Termina! pore of the pollen tube (arrow). E.M. x17,600.

Fig. 146. Egg and polar nucleus before sperm oucleus fusion. L.M. x625.

Fig. 147. nucleus in central cell cytoplasm. E.M. x2,000.

Fig. 148, of the polar pucleus containing s small nucleoleus. E.M. x11,200.

Key to Abbrevistions: Ds, degenerate synergid; E, egg: Esw, embryo sac wall; Fa,
filiform apparatus; N, nucleoli; Pn, polar nuclei; Ps, persistent synergid: Pt, pollen
tube; Pv, pollen tube vesicle; S, sperm nucleus; Scw, synergid common wall.

~
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grown up through the center of thc wall separating the synergids and bent immediately ‘
-

- adjacent and chalazal to the filiform apparatus 1o enter the cell (Fig. 144). Once inside the

] cell the ;ollen tube is contorted in various directions bef ore ending in a termmal pore (Fig.
145). The regnon of dcgcnerate synergnd immedxal.‘;aocm to the pore comams the pollen
tube dxsch.srgc and has a somewhat lxghter density than the rest of the cell Thxs discharge

- contains many polysaccharide vesicles. These v\esncles are aiso found in the pollen tube and its
terminal pore (Fig. 145). The persistent s‘ynergid also shows changes in structure from that
found previously. The large chalazal vacuo‘le has begun to fragment (Fig. 141) and many
smaller vacuoles occur throughout the synergid cytoplasm (Fig. ‘1'42). Also, Golgi activity has
iqcreased and a poldrity appears to have developed in the distribution of organelles with the
smaller vacuolef and Golgi bodies located in the micropylar two-thirds of the cell (Figs. 141
& 142). Thé central cell still contains many multigrain amyloplasts along with the fused polar
nuclc1 and a sperm nucleus (Figs. 146 & 147). The polar nucleus is lobed with several "arms”

. cxlendmg betwegn the starch packets and contains a number of nucleoli (Figs. 146 - 149)

When serial sec;ions of the soybean egg apparatus are examnined the layE}’o]{arkly

Staining material that covers the egg can be seen connected t(; the degenerate synergid (Figs.
14l & 142).,This layer develops between the plasmalemmae 6( the egg and central cell and / o
extends over the chalazal end of the egg terminating near the persistent synergid (Figs. 141 &
142). 1t is composed of osmidphilic material that appears to have been extruded from th§
degenerate synergid and is interrupted by clear areas (Figs. 149 & 150). Vécuolcs‘conmming
an electron dense flocculent material were seen fused with the plasmalemma in both the egg
and central cells. Such fusion occurred only in the area where the degencfate synergid

‘ cyl,oplasmﬂhad separated the plasma membranes of the egg and central cells (Figs. 149 &
150). The remainder of the egg cell wgn is fairly cominudu; interspersed with occasional'
regidns of Tembranc contact (Fig. 151). The proportion of wall to membrane area in the egg-:
is higher now than during earlier developmcmal stages (compare Figs. 83 & 151).

The wall previously found around the degenerate synergid has also undergone massive

changes in stgucture. When this wall is compared to the wall of the persistent synergid that of



The egg cell wall.

Fig. 149. Plasmalemma of egg and central cell (arrows) separated by’ osmiophilic
material assumed to be from the degenerate synergid. Note vacuoles fused with the
central cell plasmalemma (asterisk). E.M. x16,800. » '
Fig. 150. Plasmalemma of egg and central cell- (arrows) separated by osmiophilic
material. Same tissue and area as in Fig. 199 fut shows %

plasmalemma (asterisk). . x14,000.
Fig. 151. Part of wall enclosmg the egg toward the persistent synergid. Note
continuous nature of the wall (arrows). EM. x14,000.

,/."
J

icle fused with egg ofll

Key to Abbreviations: A, amyloplast, Cc, central cell; E, egg: N, nucleus; Om
osmiophilic material; Pb, protein body; V, vacuole.
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the degenerate synergid appears broken down (Fig. 143). Examination of these two cells

shows that an intact plasma membrane lines the wall of the persistent synergid while in the

degenerate synergid no plasmalemma could be found (Fig. 143).

Early embryogenesis: . Py
Asf usic;n of egg and sperm nuclei occurs and development proce*s the large vacuole

previously found in the egg breaks down to an assemblage of smaller vacuoles (Fig. 152).
Besides these small vacuoles the zygote cytoplasm also contains mulitgrain amyloplasts,
protein bodies, mitochondria and strands of RER (Fig. 153). The process of zygotic shrinkage
results in a decrease in the cell's length by a’pﬁroximalel_\' 38%. The wall that encloses the
zygote is now much more developed, lacks a middle lamella and in some areas appears
continuous without any areas of membrane contact (Figs. 152 & 153). Division of the zygote
results in a 2-celled proembryo. The newly formed cell wall is perpendicular to the long axis
of thg embryo (Figs. 154 & 155), possesses a middle lamella and plasmodesmata along its
entire length (Fig. 156). Both the terminal and basal cell of the embryo contain amyloplasts,
protein bodies, mitochondria, strands of RER and vacuoles (Figs. 155 & 156). The main
di[ f erence in the two cells is the higher level of vacuolation in the basal versus the terminal
cell (Fig. 155).

i The '\h:all that separates terminal and basal cells of the proembryo from the central cell
is &ontin’hous showing a distinct middle lamella and plasmodesmata (Figs. 157 - 159).
Distribution of plasmodesmata is not uniform, the few present between the basal and central
cells are found near remains o‘f-’the persistent synergid (Fig. 157). Plasmodesmata are
occasionally seen in the chalazal region of the wall between terminal and central cells (Fig.
159). At this developmental stage remnants of both synergids can still be seen (Figs. 154, 155,
157, 158 & 160). Remains of the two synergids differ, with that of the degenerate ixing

osmiophilic (Fig. 158) and that of the persistent synergid being represented by a translucent

area containing electron dense dots (Figs. 157 & 160).



Zygote and 2-celied embryo of soybean.

Fig. 152. Zygote after shrinkage. E.M. x2,800.

Fig. 153. Amyloplasts in the zygote. E.M. x15,200.

Fig. 154. A 2-ctlled proembryo showing terminal, basal cells and also a degenerate
synergid cell. The central cell ig highly vacuolate with scattered multigrain
amyloplasts along its lateral walls and patches of free nuclear endosperm. Arrows
indicate micropylar extent of nucellus. L.M. x550. . S

Key to Abbreviatdns: A, amyloplast; Bc, basal cell; Cc, cestral cell; Cr, chalazal
region of the central cell; Ds, degenérate synergid; Esw, embryo sac wall; F, free
nuclear endosperm; li, inner integument; Ma, multigrain amyloplast; N, nucellus; Pb,
protein body; Tc, terminal cell; W, vacuole; Wi, wall ingrqyth; Z, zygote.
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Two-celied embryo in soybean.

{
Fig. 155. Two-celled embryo in soybeafi showing a basal cell that is more vacqolate

than the terminal cell. E.M. x2,080.

Fig. 156. Wall separating the 2 cells of the embryo. Note presence of
plasmodesmata along i length (arrows). E.M. x6,600. ‘ ‘

Fig. 157. Plasmodesmata in the wall between basal and central cells near remains of
the persistent synergid. E.M. x8,320.

Fig. 158. Osmiophilic remains of the degenerate synergid in the wall between basal
and central cells and also enclosed in a projection of the degenerate synergid wall

into the basal cell (arrow). E.M. x6,600.

Key to Abbreviations: A, amylo{:lm; Bc, basal cell; @, central cell; F, free nuclear
endospermt nucleus; M, mitochondria; N, nucellus; P plasmodesmata; Pb, protein
body; Ps; persistent synergid; Tc, terminal cell; Wi, wall ingrowth.






Soybean embryo sac after fertilization.

Fig. 159. Plasmodesmata in the wall between the central and terminal cells (arrow).
E.M. x24,500. .

Fig. 160. Translucent remains of the persistent “synergid. E.M. x8,400.

Fig. 161. Central cell after fertilization. Note presence of the large micropylar
vacuole. Nomarski. L.M. x750.

Fig. 162. Break-up of multigrain amyloplast in the central cell after fertilization.
E.M. x4,000. -

£

Key to Abbreviations: Bc, basal cell; Cc, central cell: Ma, multigrain amyloplast; Pn,
polar nucleus; Ps, -persistent synergid; Tc. terminal cell; V, vacuole, Wi, wall
ingrowth.
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Afer fertilization the large central cell is filled with multigrain amyloplasts and
contains the 1° endo;perm nucleus (Fig. 161). The process of vacuolar fusion and multigrain
amyloplast breakdown into individual grains which began well before fertilization continues
(Fig. 162). Not all multigrain amyloplasts are completely destroyed, howc:'er. and some line
the embryo sac wall during early stages of embryogenesis (Fig. 154). The 1° endospermA |
nucleus undergoes a series of mitoses resulting in a number of free nuclei that are found near

the young embryo and along the lateral walls of the embryo sac (Figs. 154 & 155).

Development of transfer cells in the ovule after fertilization:

Before division of the zygote to form a 2-celied embryo the nucellus that surrounds
the embryo sac comprises two distinct zones (Figs. 163 - 165). The first zone consists of cells
containing & large vacuome and occurs both in the chalazal region of the nucellus and
surrounding the lateral walls of the embryo sac. This is the larger of the two regions and -
constitutes almost all of the nucellus except for a few cells found in the second z&ne that
surround the micropylar end of the embryo sac (Fig. 163). The cells which are found in the
second zone have much smaller vacuoles and are more cytoplasmic (Figs. 164 & 163), Some
of these nucellar cells along the lateral walls of the embryo sac can Q&lassif ied a¥ transf er.
cells since they contain wall ingrowths. Such ingrowths occur predominately on their
tangential walls (Figs. 163 - 165). Other characteristics of these transfer cells is that they may
contain many single or multigrain amyloplasts SFig. 165) and are connected by
plasmodesmata to the more vacuolate nucellar cells (Figs. 164 & 165). The symplast that
terminates in these transfer cells ex through the nucellus as plasmodesmata are also seen
in common walls of vacuolate nucellar celts (Figs. 164 & 165). However, this symplast does
not reach the embryo sac g nb plasmodesmata were seen in the embryo sac wall after the
destruction of the antipodal celis. Examination of mukiple sections from the same ovule .
reveals that the development of wall ingrowths is sporadic and that not all nucellar cells in the

region possess them. These nucellar transfer cells develop shortly after fertilization and persist



[]
Transfer cell development in the soybean embryo sac afier fertilization.

Fig. 163. Nomarski micrograph of a zygote showing two different regions of the
nucellus, the vacuolate and more cytoplasmic nucellar cells some of which are
transfer cells. Central cell is filled with multigrain amyloplasts and an arealof wall
ingrowths (arrows) is visible in the micropylar end of this cell. x980.

Fig. 164. Wall ingrowths (arrows) in cytoplasmic nucellar cells and on the embryo
sac wall near the micropylar base of the central cell. E.M. x2,600.

Fig. 165. Cytoplasmic nucellar cells and central cell showing wall ingrowths (arrows)
and plasmodesmatal connections between cytoplasmic and vacuolate nu?llu cells.
E.M. x3,440. C

Fig. 166. Two-celled proembryo after expansion-of the embryo sac base. Note
embryo sac wall is adnate to the inner integument. Arrows indicate micropylar extent
of nucellus. L.M. x470.

Key to Abbreviations: A, amyloplast; Cn, cytoplasmic nucellar cell; Cr, chalazal
region of the central cell; Esw, embryo sac wall; Ii, inner integument; Ma,
multigrain amyloplast; N, nucellar cell; P, plasmodesmata; Pe. proembryo; T, transfer
cell: Vn, vacuolar nucellar cell.
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until they are destroyed by embryo sac épcmion. This expansion occurs during the transition
f fom a zygote to a-2-celied embryo and results in the embryo sac wall I.ncoming adnate to tb¢
inner integument (compare Figs. 154, 163 & 166).

As development proceeds from zygote to multicellular embryo, wall ingrowths form in
two other areas. The first is a ;)roliremion of elnbryonic basal goll wall, in the area common
with the degenerate synergid, and projecting into the ‘basal cell of the embryo (Figs. 138, 167
& 168). The seconci occurs on the chalazal embryo sac wall extending into the central cell
(Figs. 169 & 130). Wall ingrowths of tbe chalazal region of the &nbryo sac are not formed in
the numbers or density of those that develop in the base of this cell (Figs. 106, 108, 155, 163
& 164) but devejop singly or in small groups along the embryo sac wall (Figs. 169 & 170).
Wall ingrowths between the degenerate synergid and Q\c basal cell ©f the young embryo are
initially poorly defined (Fig. 167) but later expand (Fig. 168) and more ciosely resembie the
papillate type of wall ingrowths that occur in the central cell (Figs. 106, 108, 164, 169 & 170).

In later stages of deveIOpmem.\vhen there is a multicellular proembryo (Fig. 171),
the basal cell not only possesses original wall ingrowths on its boundary with the degencrated
synergig (Fig. 172), but also exhibits wall ingrowths on its most micropyla boundary, the
embryo Tsiac wall (Fig. 173). At this stage these wall ingrowths are fairly wil developed,
intricate slruc;es\t?;at appear o havle' some Adcgree of fusion between the‘projections (Fig.
173). Wall ingrowths also extend along the walls which separate the basal suspensor cell from
other suspensor cells (Fig. 174) as well as on common walls between suspensor cells (Fig.
175). Absent at earlier stages of development wall ingrowths now occur in cells at the

micropylp&end of the inner integuments bordering the embryo sac wall (Fig. 171).

e

«



Wall ingrowths (arrows) in the embryonic basal and central cell of soybean. For
relative positions of cells see Fig. 154.

Fig. 167. Wall ingrowths in the embryonic basal cell from the wall bordering the
degenerate synergid. E.M.. x14,080.

Fig. 168. Wall ingrowths in the embryonic basal cell on its wall bordering the
degenerate synergid in a sllghuy older embryo sac than that shown in Fig. 167.
E.M. x11,200.

Fig. 169. Wall: ingrowths in the chalaml end of the central cell ad}acem to crushed
nucellar cells. E.M. x11,200.

Fig. 170. Wall ingrowths scattered along the embryo sac wall in the chalazal region
of the central cell. EMM. x11,200.

Key to Abbreviations: Bc, basal cell; Cc, central cell: Cnc, crushed nucellar cell; Ds,
degenerate synergid; Esw, embryo sac wall.






Wall ingrowths (afrows) in various argas of the embryo sac. shown in Fig. 171.

- R ‘
Fig. 171. Muiticellular proembryo showing suspensor, degenerate synergid and
associated free nuclear endosperm. Transfer cells exhibiting wall ingrowths in the
inner integument adjacent to micropylar base of the embryo sac. L.M. x625.

Fig. 172. Wall ingrowths from embryonic basal cell wall bordering both the
degenerate synergid and embryo sac wall. E.M. x14,000.

Fig. 173. Wall ingrowths in the basal cell. E.M. x17,600.

Fig. 174. Wall ingrowths in the basal cell and along adjacent walls of suspensor
cells. Micropylar base of the embryo sac is toward left of the micrograph. E.M.
x14,000. -

Fig. 175. Wall ingrowth on a common wall of a micropylar suspensor cells. EM.’
x20,800.

Kéy to Abbreviations: Bc, basal cell; Cc, central cell; Ds, degenerate synergid; Esw,
embryo sac wall; F, free nuclear endosperm nucleus; P, plasmodesmata; Pe,
proembryo; S, suspensor cell; T, transfer cell.
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IV. Discussion \

The purpose of the presem study is to describe the processes of megasporogenesis,
megagametogenesis, aspects of fertilization, early embryogenesis and nutrition of the soybean
° embryo sac. Although much work has been done at an ultrastructural levc}, describing the
mature megagametophyte prior to fertilization, the process of fertilization and selected stages
of early embryogenesis, there are only a few accounts which concern the development and
nutrition of the embryo sac. Dgscripti‘ons of thg me‘gavsporocyte or processes of
mcéasporogenésis and megagametogenesis at an ultrastructural level have only been provided
in Capsella (Schulz & Jensen, 1981, 1986), Dendrobium (Sagawa & Isreal, 1964; lsréal &
Sagawa, 1964, 1965), Helianthus (Newcomb, 1973a), Hordeum (Cass et al., 1985), Myosurus
(Woodcock & Bell. 1968) and Zea (Russell, 1979). Inf or™z'agn on routes by which nutrients
enter the embryo sac consists of studies describing the occuiience of wall ingrowths, patterns
of starch accumulation (Buell, 1952) . tracer localization (Coe, 1954; Mogensen, 1981b), and
enzyme histochemistry (Mogensen, 1981a). '

The embryo sac of soybean has been shown to be monosporic and to undergo
Polygonum-type development resulting in a 7-celled, 8-nucleate megagametophyte (George et
al.. 1979; Kennell & Horner, 1985; Pamplin, 1963; Prakash & Chan, 1976). According to
Maheshwari (1950) approximately 70% of all angiosperms that have been objects of
embryological investigation exhibit this developmental pattern. Therefore the general aspects
of megasporogenesis, megagametogenesis and fcrgiliz.ation in soybean are similar\ to the

majority of angiosperms.

Megasporogenesis: .

In angiosperms an archesporium dcvelbps in the hypodermal layer of the young ovule.
Although the archesporiurri usually consists of a single cell, multiceftular archesporia have
been reported. Archesporial pells are large with dense cytoplasm and have a large nucleus
when compared to the other cells of the nucellus (Maheshwari, 1950; McLean &

Ivimey-Cook, 1956). In the archesporium a single cell divides to form a primary sporogenous
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cell toward the chalaza of the ovule and a primary parietal cell toward the micropyitr region
of tissue. It is the sporogenous cell which develops into the megasporocyte. Alternately the
archesporial cell can function directly as the megaspore mothgr &ll (Maheshwari, 1950).

There appears 1o be some controversy in the literature with regard to the number of
archesporial cells formed m soybean before the differentiation of the megasporocyte. While
Pamplin (1963), Kennell and Horner (1985) and George et al., (1979) state that a
multicellular archesporium develops in soybean, Prakash and Chan (1976) and Rembert
(1969) show only one archesporial cell present in the nucellus before the formation of the
megasporocyte. | found no evidence, in the form of large nucellar cells containing a ‘dense
cyloblasm assocjated with the megasporocyte, which would support the presence of a
multicellular archesporium in Gnome soybean. However, as Pritchard {1964) showed in
Stellaria after megasporocyte differentiation the remaining archesporial cslls bécomc
morphologically and cytochemically indistinguishable from other nucellar cells. Therefore the
presence offa multicellular afchesporium in soybean, if formed, would be difficult to dcted
since the remaining archesporial cells could de-diff cremiatc' before the expansion of the
megasporocyte.

The youngest soybean megaspore mother cell observed in this study 1s a large cell with
a centrally placed nucleus and sparse cytoplasm containing Arandomly distributed organelles
and plasmodesmata scattered in its walls. During dcvelo;;menl the megaspore mother cell
expands. This expansion is correlated with development of numerous small vacuoles. Thcscv
vacuoles ‘appcar to be di:tributed equally at both the cha'lazal and micropylar ends of the cell
and mav be formed in part by pingcytotic activity of the plasma membrane.

As the occurrence of plasrﬁodesmata implies the possibility of symplastic transport
(Robards, 1975) their presence and distribution have been noted in the megasporoéyte of
Dendrobium (Isreal & Sagawa, 1964), Lilium (Dickinson & f’otter, 1978) and Myosurus
(Woodcock & Bell, 1968). In Zea (Russell, 1979), certain orchids (Rodkiewicz & Bednara,
1976) and in Capsella (Schulz & Jensen, 1981) the plasmodesmata are mainly limited to the

chalazal wall of the megasporocyte. After expansion of the megaspore mother cell the
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plasmodesmata are reported to be lost in Dendrobiym (Isreal & Sagawa, 1964) and Lilium
(Dickinson & Potter, 1978). Soybean differs in that it possesses plasmodesmata in all regions
of its wall both before and after expansion of the megaspore mother cell.

The pattérn of callose deposition is another factor which could affect metabolite flow
into the developing megasporocyte. Heslop-Harrison and Mackenzie (1967) proposed that
callose special walls could act as macromolecular sieves during the process of
microsporogenesis. Callose walls have been shown 10 act as 2 barrier 10 molecules such as
thymidine (Southworth, 1971) and phenylalanine (Heslop-l-iarrison & Mackenzie, 1967) wh’xle
allowing passage of both glucose and acetate (Southworth, 1971) during pollep development.
Although there is some question as to the level of specificity of commercially available aniline
blue it has often been used as a stain nfor callose (Smith & McCully, 1978). If callose has a

: similar f uncti;n during mcgasgorogencsis the presence of callose walls could eff ectively limill
 the types of molecules that enter the developing megasporocyte. Callose appears transiently in
the megasporocytes of many monosporic plants and its rapid appearance and disappearance
could be correlated with the ability of the polysaccharide to polymerize and depolymerize
quickly (Kuran, 1972).

Callose can be shown to be deposited along portions of the megaspore mother cell wall
of soybean. Examination of sections from the same embryo sac show consistent localization
only along the micropylar half with sporadic deposition along the chalazal wall of the cell.
Pattem& 61‘ callose dcposi;ion and depolymerization have been reported in many different
plants during various stages of megasporogenesis (Kuran, 1972; Noher de Halac, 1980; Noher
de Halac & Harte, 1977; Rodkiewicz, 1968, 1970; .Rodkiewicz & Bednara, 1976; Russell, 1979;
Schulz & Jensen.‘1981; Willemse & Bednara, 1979). It has been demonstrated that the first
sign of callose in the megaspore m;nhet cell occurs adjacent to the walls at the pole where
persistent megaspore will form followed by a generalized deposition along the rest of the cell
wall in Polygonum-type embryo sacs (Kuran, 1972). The chalazal pql;\i\s also where the
callose staining first becomes faint in such embryo sacs (Rodkiewicz;’ 19310). Sinoe’ soybean has

the Polygonum-type of embryo sac the observations of a megasporocyte with a continuous

—
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callose layer at the micropylar pole and 6nly sporadic callose staining at its chalazal end
suggests that it is the chalazal pole where the pefsistem megaspore, will form.

Once the mcgaspor&yte in soybean has expanded callose was not seen lining any of ité
walls. The disappearance of callose in the‘.mcgasporocyte‘?l" soybean before meiosis occurs
does not correlate with any of the planis discussed by Kur;n (1972). According to Kuran
(1972) callose appears 1o be present through meiosis although it.? distribution in megaspore
mother cells may vary during different stages of development. The ‘f ate of callose formed in
the young megasporocyie of soybean is not known. However, it has been proposed that the
polysaccharide can act as a reserve material during megasporogenesis in other plants (Noher
de Halac, 1980).

Although lhére is some evidence of transient polarity in the soybean megaspore
mother cell as reflected by the chalazal breakdown of callose none of the cellular organelles
exhibit any polarity of distribution. This differs from Zea where megaspore mother cell
cytoplasmic components, except for va_cuoles, are all displaced toward the chalazal end
(Russell, 1979).

The term cytoplasmic density is used as a synonym for the concentration of cellular
organelles and is believed to be suggestive of the level of physiological activity in the cell.
Observations that the megasporocyte was denser than the surrounding ruceiiar cells have been
made in Capsella (Schulz & Jensen, 1981), Dendrobum (Sagawa & I<-= real &
Sagawa, 1964, 1965), Helianthus (Newcomb, 1973a), Lilium (Dickirsy & » cw 1977,

Dickinson & Potter, 1978; Rodkiewicz & Mikulska, 19635), Myomr‘ RS

1968). Stellaria (Pritchard, 1964) and Zea (Russell, 1979). Thc» dens#
megaspore mother cell in soybean is, however, similar to the cells of the . At this
developmental stage the megasﬁorocyte contains undifferentiated plastids, mitochondria and
only a small amount 6f ER. Like Zea (Russell, 1979) amyloplasts are absent in soybean
megasporocytes. This situation differs from Lilium (Dickinson & Potter, 1978) where plastids

containing starch grains were seen early in development of the megaspore mother cell.
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During the expansion of the mepsporocyte an increase in cytoplasmic density occurs.
The increase in density as revealed by toluidine blue oxide staining and in the electron
microscope appears to be caused by an increased ribosome conémration in the mcgﬂsporc
mother cell. The observation that density increases in the megasporocyte of soybéan prior io
meiosis differs from the situation described in Dendrobium (Sagawa & Isreal, 1964; Isreal &
Sagawa, 1964, 1965), Liltum (Dickinson & Andrews, 1977, Dickinson.& Potter, 1978;
Rodkiewicz & Mikulska, 1965) and Stellaria (Pritchard, 1964) where the megaspore mother
cell is initially denser than the nucellus but decreases in density prior to meiosis. However, the
processes that causes the megasporocytes of Dendrobtum. Liltum and Stellaria to undergo this
change in density differs. Cytoplasmic purging has been shown to occur during
megasporogenesis in both Lilium (Dickinson & Potter, 1978; Heslop-Harrison, 1972) and
Dendrobium (Sagawa & Isreal, 1964; Isreal & S::awa. 1964, 1965). In Lilium the prsprophase
megasporocyle appears to undergo intense protein synthesis based on quantities of polysomes,
RER and free ribosomes (Dickinson & Andrews, 1977). Its cytoplasm also contains
mitochondria with prominent cristae and amyloplasts (Dickinson & Potter, 1978). During
callose deposition at the beginning of prophase in Lilium the ER is reorganized into whorls
that enclose areas of cytoplasm and isolate cellular organelles. During zygotene free ribosomes
disappear from the cytoplasm and only those enclosed in membrane whorls persist. The ER
remains in this whorled conf iguratio'n until the early megaspore stage. Dickinson and Andrews
(1977) suggest that these membrane whorls function to protect ribosomes from cytoplasmic
degradation. Heslop-Harrison (1972) proposed that the proesss of organelle degradation or
cytoplasmic purging is involved in rearranging cytoplasm for development of the gametophyte
generation. In Stellaria (Pritchard, 1964) it was suggested that the decrease in density of the
megaspore mother cell was caused by a lag in the rate of RNA synthesis during expansion of
the megasporocyte. Lower ribosomal concentration could explain the decreased staining
intensity.

Dickinson and Potter (1978) acknowledge that the formation of persistent callose

special walls results in cytoplasmic isolation but suggest that the formation of these walls was
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not the cause of cytoplasmic purging. Admittedly there have not been enough ultrastructural
studies of megasporogenesis to draw conclusions on how widespread the process of
cy"toplasmic purging is and to what extent cytoplasmic isolation and possession of nutritional
reserves affect the occurrence of this process. Since cytoplasmic purging does not occur in
soybean, a plant that maintains plasmodesmata in the embryo sac wall during development, it
seems clear that the process is not universal in flowering plants and that more studies are
needed on the possible relationship between cytoplasmic isolation and purging.

During expansion of the soybean megaspore mother cell it becomes totally surrounded
by a tissue layer, the inner nucellus, which does not appear similar to any of the nucellar
modifications listed by Maheshwari (1950). Initially the inner nucellus totally encloses the
megasporocyte but durmg‘subscqucm development inner nucellar cells are crushed by
expansion of the acellular embryo sac starting at the micropylar end and proceeding
chalazally. The celis of the soybean inner nucellus contain dense cytoplasm and are enclosed in
thick walls. Aniline blue and Calcofluor staining indicates that their walls are similar 1o outer
nucellar cell walls in terms of containing callose and cellulose. As with the megasporocyte,
cells of the inner nucellus stain intensely with toluidine blue oxide and their density, seen with
the electron microscope, is granular suggesting a high concentration of ribosomes. As the
inner nucellus is not present in earlier stages of megaspore mother cell differentiation it 1s
assumed that nucellar cells are induced to take on the characteristics of inﬁer nucellar cells by
some factor(s) produced by the megasporocyte. Support for the concept that inner niucellar
cells are induced also comes from the observation that certain cells on the boundary between
the inner and outer nucellus show thick walis similar to those of the inner nucellus while
containing cytoplasm intermediate in density.

Among the various types of nucellar mMifiétions cited by Maheshwari (1950), the
hypostase is the most similar to the inner nucellus. A hypostase has never been reported to
develop before fertilization in soybean (George et al., 1979; Kennell & Homer, 1985;
Pamplin, 1963; Prakash & Chan, 1976) or in other members of the family (Banerji, 1938,

Bharathi & Murty. 1984; Brown, 1917; Cooper, 1933, 1935b; Farley & Hutchinson, 1941;

')
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Mindmarsh, 1964; Martin, 1914; Reed, 1924; Reeves, 1930; Rembert, 1967 1969, 19772, b;
Roy. 1933;®mith, 1956, Weinstein, 1926). However, Pamplin (1963) and George et al. (1979)
both report that after fertilization a hypostase develops between the chalazal vascular strand
and the nucelius but that the structure does not extend through the nucellus to the embryo
sac. In other phms it has been proposed that the hypostase is involved in nutrition of the
megagametophyte and embryo (Malik & Vermani, 1975; Masand & Kapil, 1966; Tilton, 1980;
Tillon & Mogensen, 1929), controlling the water relations of the ovule or that it limits the
chalazal growth of the embryo (Johansen, 1928). However, work by Coe (1954) on
Zephyranthes and by TfWari (1983) on Torenia has questioned a nutritional role far the
hypostase. Coe (1954) fed radioactve CO, to Zephyranthes and showed that during ovule

4
the hypostase while moving through the nucellus to the embryo sac. Tiwari (1983) and others

e
leopmem the hypostase never contained any C'* suggesting that metabolites pass around
' ¢’

(Kapil & Tiwari, 1978) have demonstrated that the walls of the hypostase contain callose and
have proposed that its presence wouid limit the movement of metabolites through these cells
to the embryo sac. ‘

Since inner nucellar cells of soybean are not limited 10 the chalazal region of the
ovule. do not have elevated levels of callose in their walis. occur only in the nucellus anq do
not extend near the chalazal vascula¥ trace of the ovule 1t would appear that the inner nucellus
is not merely another form of a hypostase. As the megasporocyte, mcgaspofes. persistent
megaspore, 2- and 4-nucleate embryo sacs and the chalazal end of the cellular
megagametophyte are all enclosed and connected to the inner nucellus with plasmodesmata it
appears likely that these cells are involved in megagametophyte nutrition. The exact nature of
inner nucellar involvement in megagametophyte nutrition has yet 1o be resolved. Certainly the
increased cell wall thickness in the inner nucellus could be involved in facilitating apoplastic
transport while the higher ribosomal co_?gnmuon may ﬁrovide a pool of both nucleic and
amino acids to be utilized by the megagametophyte as the inner nucellar cells are crushed

during embryo sac expansion.
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After development of the inner n?llm and expcnnon of the meuspotocyte the.
process of meiosis in soybean results in the formation of a llnur tetrad of megaspores.

Except for the chalazal megaspore being the largest of me four they are all similar in
distribution of cytoplasmic organelles‘. During meiosis three aniline blue positive, Calcofluor
negative walls are laid down separating the 4 megaspores. These walls are perpendicular go the
long gxis of the former megasporocyte and are structurally amorphous, lacking an elec‘ton
opaque middle lamella when compared &ith walls 61‘ nbcellgr cells. These staining
characteristics suggest that the walls fogmed during meiosis are callosic (Hughes & McCully,
1975; Wood, 1980; Yeung, 1984). The prescnce‘of round electron dense areas in the callosic
walls may represent vestiges of plasmodesmata that could have been formed during wall
formation.

The pattern of soybean megaspo}e formation has been discussed previously. Although
only linear meiotic tetrads were seen during the course of this research or by Pamphin (1963)
George et al. (1579) and Kennell and Horner (1985) report both linear and T-shaped tetrads.
Maheshwari (1950), citing examples where both linear and T-shaped tetrads occur in different
ovules of the same ovary, states that the plane of division of the micropylar dyad often varies
within a taxon and suggests that this type of variation may be of little importance.

Callose walls separating megaspores have been reported in many plants (Kennell &
Horner, 1985; Kuran, 1972; Noher de Halac, 1980; Noher de Halac & Harte, 1977;
Rodkiewicz, 1968. 1970; Rodkiewicz & Bednara, 1974, 1976; Russell, 1979, Willemse &
Bednara, 1976). To date Tilton (1981a) is the only worker to r?port that a monosporic plant
(Ornithogalum) does not appear to produce callose during meiosis. In most other reports the
polysaccharide callose not only composes most of the wall that separates megaspores from
each other but also lipcs other walls of the megaspore cell. In soybean, however, the only
detectable callose occurs in walls that separate megaspores f ;om cach other and none was seen
lining the other walls of, megaspores. Soybean like Zea (Russell, 1979) exhibits plasmodesmata

connecting the persistent megaspore to the nucellus.
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NN
\ 'met!halaul mmcporelnwybmum-nd becomes the functional megasporc.
\ This is in agreement with all the other reports on soybean (George et al., 1979, Kennell &
Horner, 1985; Pamplin, 1963; Prakash & Chan, 1976) and apparently is typical for
monosporit plants undergoing Polygonum-type embryo sac development (Maheshwari, 1950).
Expansion of the chalazal megaspore is accompanied by senescence of the other three. Aniline
blue staining shows that the callose walls are displaced toward the micropyle as the persistent
megaspore expands to occupy the space previously occupied by the other 3 megaspores.

Staining with Calcofluor demonstrates that cellulose is present at this stage in the micropylar

wall of the persistent megaspore.

\Megngametogenesis:
. In soybean the process of megagametogenesis involves a series of 3 mitotic divisions
and subsequent wall formation. During the first mitotic divis§9n the metaphase plate is
" perpendicular to the long axis of the embryo sac. At this stage the megagametophyte shows a
polarity in the distribution of vacuoles with most of them being found and, as evidenced by
\gctivity of the plasma membrane, formed in the micropylar region of the embryo sac. A
different type of polarity was seen in Ho‘leum where, at a similar stage of ’developmem. the
megagametophyte contains a diffuse assemblage of small vacuoles with most of the remaining
cellular organelles locatedat its micropylar end. In this case polarity was shown to develop in
the functional megaspore and persist until the 4-nucleate stage (Cass et al., 1985). However,
polarity in soybean appears to be more transient and was not seen before or after the
1-nucleate stage of development. In soybear the polar formation of vacuoles may represent a
k mxpanism by which the embryo sac is expanded micropylarly during the transgtipn. from the
1-to 2-nucleate stage.
The smaller vacuoles found in the 1-nucleate embryo sac coalesce after sqiiration of
lthe chromatids and fox:r;) the large central vacuole characteristic of the 2- and 4-nucleate
embryo sac and the central cell of the young r;{xegagametOpﬁm. Expansion of the major

vacuole is seen to occur through fusion of smaller vacuoles. Additionally, Golgi vesicles are
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soen fusing with the major vacuols in 2- and 4-nucleate ermbryo sacs, These Golgi vesicies
could act 10 §dd osmotically active s;b‘:unces to the vacuole (Matile, 1969, 1976; Matile &
Moor, 1968). This activity of the Goigi apfparatus may well be imporant in creating or
maintaining the osmotic pressure necessary for embryo sac expansion.

The large vacuole characteristic of the 2: and 4-mucleate embryo sacs may have
another function besides involvement in a lytic complex (Russell, 1979) or maintenance of
turgor in the embryo sac. The timing of its formation could be critical to the developmet;ul
patiern occurring in er;1bryo sacs. Coalescence of small vacuoles in the center of the
megagametophyte to form the larger vacuole only oceurs after the first mitotic division in
soybean. This is also true for other plants that are mouoépon’c and have Polygonum-type
embryo sacs (Maheshwari, 1950). The effect of formation and expansion of a vacuole,at this
stage is 10 isolate nuclei at opposite ends of the embryo sacﬂn contrast to this the major
vacuole of the megagametophyte in other monosporic plants having Oenothera-type embryo
sac development forms before the first nuclear division. In these plants the mitotic products
are all found in the micropylar end of the embryo sac (Johansen, 1929; Khan, 1942)
supporting the concept that this vacuole acts fo isolatc' nuclei at opposite ends of the embryo
sac. As there are only 4 nuclei prodbuoed in the embryd sac of plants with Oenothera-type
embry;o sacs it seems clear that these plants ugﬁcrgo one less mitotic division than planl;
similar 10 soybean. Based on observations of vacuolar activity the diff eremé betyeen the two
groups of plants should be considereé as loss of the first nuclear division and not the last as
Maheshwari (1950) hai suggested. Battaglia (1951) recognized this and suggested that the
main difference between these two types of embryo sacs is the Bresence of a mitotic division
before the process of polarization. He suggested (1951) that there are only 4 nuclei. formed in
plants with the Oenothera-type embryo sac development because the two mitotic divisions
which occur at the micropylar end of the embryo sac act independently from the one which
occurs before polarization. Therefore, the stithulus for wall formation may come from the

second micropylar mitotic division and the presence or absence of nuclei in the chalaza) region

of the embryo sac has no real effect on this process (Battaglia, 1951).
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After the embryo sac has become polarized the second mitotic division occurs resulting
in formation of a 4-nucleate embryo sac. In the micropylar region this division is
perpendicular to the preceeding one while in the chalazal region the division plane appears 10
vafy The cytoplasm of the 2- and early 4-nucleate embryo sacs are similar.in distribution and

concentsation of organelles Late in the 4-nucleate stage of embryo sac development changes
occur m‘%iNQapc of the chalazal end of the embryo sac, in the positioh of the nuclel in both

micropylar and chalazal ends of embryo sacs and in the prodtiction of osmiophilic bodres
throughout the cy /dplasm The apparénl movement of nuclei in the 4-nucleate embryo sac of
soybean has bec?{ noted before (George et al., 1979); howevery-the fact that this separation
not only involves a lateral movement of the two nuclei but also the dxsplacemcm of one of the
nuclei toward the chalazal end of the embryo-sac has not been seported. The two nuclei in the
*chalazal end of the embryo sac assume an orie;nation paraliel to its long axis. This may be in
r?:sponse 10 the change ir; the originally dome shaped chalazal end of the embryo sac to a
more comcal structure during developmem As the cytoplasm and nuclei move into this
con& region the two nuclei change position relative to ;ne another. Osmiophilic bodies form
in the cytoplasm and become associated with the tonoplast of the large central vacuole and
can be resolved as myelin-like bodies composed#f whorls of membranes (Bowes, 1969;
Tf\omas & fisaac, 1967).

The final mitotic division during megagametogenesis,jn soybean results in the
formation of the egg, synergids, anfipodals and central cell. In other plants it has been
observed that one of the two micropylar nuclei divides to form two synergid nuclei and the
other forms the egg and micropylar polar nucieus while the two chalazal nuclei, if present,
divide t0 f orm the chalazal polar nucleus and three antipodal nuclei (Brown, 1909; Brown &
Sharp. 1911; Cooper, 1937, 1939; Howe, 1975; Ishikayva, 1918; Johansen, 1929; Langlet, 1927;
Pace, 1909; Palser et al., 1971; Schaffner, 1901; Weatherwax, 1919). Summing up the evidence

_ that synergid nuclei are sister nuclei and that egg and micropylar polar nuclei are products of

the same divisioneSchnarf (1936) stated:

“We can regard it as probable that the synergids on the on® hand, and the egg-cell
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and the upper polar nucleus on the other hand, represent sister-nuclei; at least this is

definitely shown in certain cases while no reliable observations are at hand to

substantiate the idea of any other origin."
= Work on megagametogensis in Epipactus (Brown & Sharp, 1911, fig. 8), Erythronium
(S;:haffner. 1901, fig. 71).-Euchlaena (Cooper, 1937 fig. 25), Grindelia squarros owe,
‘1926. figs. 13-15), Grindelia stricta (Howe, 1975 fig. 7), Habenaria (Brown, 1909 fig. 4), «
Hartmannia (Johansen, 1929 figs. 4a & 4), Oenothera (Ishikawa, 1918 fig. 8) and
Rhododendron (Palser et al., 1971, figs. 35 & 36) has shown that the more micropylar of the
two nuclei, divides 1o form the synergids while the more chalazal f orms the egg and micropylar
polar nuclei. Likewise observations on the two chalazal f)olar nuclei have shown that the more
“micropylar nucleus divides to f(?rm the chalazal polar nucleus and an antipodal nucleus while
the other nucleus divides to forr}m\tvio additional antipodal nuclei (Brown, 1909, Cooper,
1937). '

The proposal that the position of the micropvlar nuclei in soybean prior to the fina_l
mitotic division in megagametogenesis influences which nucleus is involved in the formation
of synergid, egg or micropylar polar nucleus is also supported by exémina}ion of the relative
positions of egg apparatus nuclei in the cellular embryo sac of soybean. In the mature embryo
sac of soybean keyv feature ;h‘differentiale the egg from svnergid, other than the presence
of a filiform apparatus in synergids, are th; relative positions of the nuclei and the major
vacuole. The egg most frequently has a chalazal nucleus and a micropylar vacuole while in
synergids Ehe reverse is true ( Folsom & Peterson, 1984). This also holds true for Jirtually all
angiosperms so far described (Jensen, 1963; Willemse & Van Welk, 1984). When very young
cells of the egg apparatus of soybean are studied, they are found to contain neither a filiform
apparatus nor a large vacuole but still can be distinguished by nuclear position. The young egg
cell contains a chalazal nucleus when compared to the position of the nuclei in the two
synergids. Not only is there a difference in relative height of young synergid and egg nuclei
but when serial sections are examined it is found that these two groups of nuclei are spatially
separated with those of the isynergids being very close to one another. As there is an

apparently uniform relationship, shown in a number of different plants, between nuclear
L ]



120

position and the products of the { inal mitotic division in megagametogenesis it is assumed that
a similar situation occurs in soybean. The‘rcf ore, the apparent movement of micropylar nuclei
in the late 4-nucleate embryo sac of soybean may represent the initial stage of differentiation
that predicts which nucleus will divide te-form the two synergids and which will form the egg
and one of the central cell nuclei. 4

During cellularization walls usually develop in both chalazal anci micropylar ends of
" the embryo sac with those of the antipodals often bci‘ng formed first (Davis, 1966). From
repofls on megagametogeriesis in Habenaria and Epipactus it seems clear that the cells at both~
ends of "the embryo sac are formed in a similar manner (Brown, 1909; Brown & Sharp, 1911).
Plants such as Eschscholzia (Sachar & Mohan Ram, 1958) and Rudbeckia (Maheshwari &
Srinivasan, 1944) possess antipodal cells that closely resemble those of the egg apparatus.
However, a difference in the morphology of the cells at both poles is readily apparent after
. comparing the size and shape of the antipodals and cells of the egg apparatus of soybean.
This difference in structure between the antipodal and egg apparatus cells has been noted
before in many plants and shape of the respective ends of the embryo sac during
cellulanz,auon implicated as the cause (McLean & Ivimey-Cook, 1956). |

The result of the final karvokmcsxs and cytokinesis in soybean is a 7- celled 8-nucleate k
cmbﬂgyo sac composed of three micrﬁpylar cells of the egg apparatus, three antipodals at the
chai:zal end and a laévacuq@le central cell with nuclei at opposite poles occupying the rest
of the megagametophyte. Embryo sac cellularization has not been described in soybean and
only discussed in a limited sense in other plants. Observations 'on events surrounding
cellularizationfinclude work on Calopogbn" (Pace, 1909), Camassia (Smith, 1942), Clintonia
(Smith, 1943), Crepis (Langlet, 1927), Epipactus (Brown and Sharp, 1911), EPythronium
(Cooper, 1939; Sthaffner, 1901), Euchiaena (Cooper, 1937), Grindelia (Howe, 1975),
Habenaria ( Brown, 1909), Hartmannia (Johansen, 1929), Hordeum (Cass et al., 1985),
Juglans (Bouillot, 19693 Lilium henryi (Mr, 1935a), Lilum martagon (Lagglet, 1927),
Lycopersi;on (Cooper, 1931), Medicago (Cooper, 1935b), Phryma (Cooper. 1941), Solanum
(Recs-Leonar‘d, 1935) and Zea (Coggfr. 1937). Some of these workers did not deal with
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development of cell plates But only discussed the occﬁrrence of spindles during the last mitotic /
division before cellularization. However, as. cell plate and wall formation are closely tied to the. S
. develqﬁmcnl of a spindle (Hepler, 1976), all of these papers mfay provide some information

~on the process of cellixlarizalion. ,

In soybéan the structure of egg and antipodal apparatus cells immediately after

cellularization and before expansion may also provide some information about the process of
cytokinesis in the chbryo sac. Essentially, the égg apparatus and antipodals in soybean are
each seen to be segmented by 3 walls. The number of cell plates formed in the embryo sac of
different plants has been discussed before. Cooper (1935a) in his study"’of Lilium hﬂenryi states
that 3 cell plates develop in both ends of the embryo sac during cellularization. A similar
situation has been seen in Camassia (Smith, 1 Clintonia (Smith, 1943), Erythronium
{Cooper, 1939; Schaffne{a_l%l )., Euchlaena (ﬁr, 1937). Medt‘cago {Cooper, 1935b),
Solanum (Rees -Leonard, 1935“,ind Zea (Cooper, 1937). However in other reports only onc
(Johansen, 1929) or two (Brown, 1909; Brown & Sharp, 1911; Howe, 1975) persistent cell
platkt):s per end were viewed during cytokinesis of the megagametophyte. As all studies of this
type have to contend with timing to view various phases of development it may be that the
observation of a third spindle and cell plate by Cooper (1935a) and others represents arrare
encounter with a sh'ort-liveq developmcmal phenomenon. |

S

If the process of cellularization is reasonably uniform within structp'rally similar types
of embryo sacs the presence ;)r a%ce of a third sp&ndle along with the corresponding cell
plate could be c’riu'cal in understanding how cells of the egg apparatus and antipodals are
formed . Information provided by Cooper (1935a) and Rees-Leonard (1935) on spindie and
cell plate formation and orientation along with the observations of Brown (1909) on the -
relationship of nuclei in the egg apparatus provide an explanation for the process of
cellular{ution in many plants including soybean. Based on this information it could be
proposed that the c'ell plate formed on the spindle involved in the mitotic division producing

the synergid nuclei segments the micropylar base of embryo sac into two roughly equal halves.

In soybean this wall is parallel to the long axis of the embryo sac. The cell plate that develops

.
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on the spindle involved in formation of the egg and micropylar polar nuclei is roughly

perpendicular to the long axis of the embryo sac and forms the top wall of the egg aPparatus.
The activity of these 2 cell plates would result in the micropylar base of the megagametophyte
being segmented into two halves enclosed by walls on all sides. Since, in soybean, the young
micropylar megagametophyte base consists of two halves one of which contains a synergid cell
while the other an egg and second synergid cell it is possible to conclude that these 2 cell
plates are also involved in soybean embryo sac cellularization. At an early developmental stage
the third wall of the soybean egg apparatus is oblique to the other two walls and separates the
egg from the second synergid cell (see Figs. 62 - 68). If the third wall in s&bean is in fact
the wall formed by the third spindle seen by Cooper (1935a) in Lilium and Rees-Leonard
(1935) in Solanum or if it is produced by another mechanism can only be the subject of
speculation at this time.

The antipodals of soybean also possess 3 clearly defined walls just after cellularization
2 of which are perpendicular and the third parallel to the long axis of the embryo sac.
Observations on Grindelia have shown that the more micropylar of the nuclei, in the chalazal
region of the 4-nucleate embryo sac, divides to form antipodal and the chalazal polar nﬁcleus
while the other nucleus divides to form 2 more antipodal nuclei (Howe, 1975). If a similar
system holds true for sdybean the formationb of 2 walls perpendicular to the lohg axis of the‘
embryo sac ¢an be seen 10 occur by spindle and cell plate formation. The third wall serves 10
ségment or;e of the areas created by the two parallel walls in the antipodals into 2’cells. In this
regard it is interesting to note that in many members of | the Asteraceae only 2 antipodals are
normally formed during megagametophyte cellularization one of which is binucleate (Davis,
1964a, 1964b; Howe, 1969, 1975; Langlet, 1925, Newcomb, 1973a, Norris, 1892). As 3
spindles were observed by Cooper (1935a) and Rees-Leonard (1935) in both ends of the
embryo sac and since it has been proposed.that cellularization occurs in a similar manner in
both ends of the embryo sac (Brown, 1909; Brown & Sharp, 1911) it may be that the
development of binucleate antipodal cells in many plants is the result of a failure of the plant

to form a third wall during cellularization of the megagametophyte.

»
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Expansion of the egg apparatus:

During expansion and maturation there are many changes in the morphology of egg
apparatus cells. Few reports dealing with the the development of the egg,apﬁafatus exist. The
work by Wilms (1981) on spinach and brief references in other papers (Brown, 1917; Cass,
1972; Cass et al., 1985; Cooper, 1931, 1933, 1935b; Davis, 1964a, 1964b; Haskell & Posuewait,
1971: Hindmarsh, 1964; Rees-Leonard, 1935; Smith, 1942; Woodland, 1964) represents most
of the literature which deals with this topic. Mature soybean egg apparatus cells are
approximately equal in length and width. The key dif ferences between‘maturc synergids and
egg are the relative location of the major vacuole and nucleus, development of a filiform
apparawus in synergids and size and density of wall packets covering the chalazal end of egg
apparatus cells. After cellularization neither the immature egg nor synergids show the large
vacuole characteristic of mature soybean egg apparatus:cells nor do the synergids possess a
filiform apparatus. Also it is impossible to discern any structural differences in walls
shﬁrrounding the egg apparatus cells. The soybean egg and synergid cells are formed in the
same cytoplasmic milieu with the only apparent difference between the two cell types being
the })osmon of their nuclei after cellularization has occurred. It, therefore, seems rcasona‘bl.c_
to conclude that most of the process of differentiation in the soybean egg apparatus occurs
during cellular expansion. X

'Expansion of soybean egg apparatus cells, as in spinach (Wilms, 1981) and Solanum
(Rees-Leonard, 1935). appears (o be caused by development of large vacuoles chalazal to the
nucleus in synergids and micropylar to the nucleus in the egg. The expansion of soybean egg
apparatus cells can be correlated with a decrease in cytoplasmic density and in thiclhess of the
walls surrounding the cells. The cytoplasm of newly f ormed egg apparatus cells appears
extremely dense as it is tightly packed with ribosomes and other organelles. During egg and
synergid expansion cytoplasmic density decreases. markedly. This trend continues until near
maturity when some density is re-established. As tl{e major component of this density appears

to be cytoplasmic ribosomes a sntuauo\p analogous ﬁrl.he expanding megasporocyte in Stellaria

(Pmchard 1964) may well be envnsaged where it v/as proposed that the decrease in cellular

/
/
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density which occurred during the expansion of }he megaspore mother cell was a result of a
lag in RNA synthesis. Also, activity of the Goléi apparatus appears to be low during
expansion of' egg apparatus cells. In young cells Golgi bodies were only seen in a few cases. |
As these Golgi bodies were usually associated with vacuoles it is assumed that they function in
adding osmotically active substances to the vacuome in & manner similar to that proposed for
dictyosomes in the 2- and 4-nucleafe embryo sac (Matile, 1969, 1976; Matile & Moor, 1968).
In association with eég apparatus vacuoles, myelin-like bodies were observed scattered in the
cytoplasm during cellular expansion.

As the soybean egg apparatus cells expand they extend into the central cell achieving
their characteristic bulbous chalazal ends. Bending of ?he central cell and egg apparatu§
common wall in the region where it attaches to the embryo sac wall forms synergid and egg
cell hooks. In soybean this also appears to be the developmental period when wall
segmentation occurs. In the top wall and chalazal region of the common \;/all segmentation
results in the formation of mature egg apparatus cell walls. This wall is seen to consist of
expanded areas containing wall material interspersed between regions of membrane contact. A
similar situation has been reported to occur in the chalazal wall of the egg appa.ratus cells of
Capsella (Schulz & Jensen, 1968b).

The walls that initially enclose the soybean egg apparatus cells are thick, lack a middle
lamella and appear to be heavily dissected by electron dense bands. Absence of a discernible
middle lamella in the young soybean egg apparatus walls is similar to Hartmannia (Johansen,
1929) and suggests that these walls are s'Lructurally unique. These electron dense bands may be
remnants of microtubules formed during the wall building process. Throughout egg apparatus
expansion in soybean walls become segmented presumably along lines previously establishéd by
the electron dense bands and decrease in thickness by at least 50%. As areas of wall separate
ihey form the wall packets cMuracteristic of the mature egg and synergid cells of soybean.
These areas were shown 1o contain an insoluble carbohydrate in another variety of soybean
(Folsom & Peterson, 1984). As walls of young soybean egg apparatus cells fluoresce after

staining with Calcofluor White it is probable that the expanded areas or wall packets covering
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the chalaal ends of egg and synergid cells contain cellulose. Since little Golgi activity is
associated with walls during cellular expansion it seems reasonable to assume that large
amou'ms of new wall materials are not being dc;;osited during this period. However, Golgi
bodies were often seen ?ssocfmed with individual wall packets of the egg apparatus cells after
expansion and segmentation hia occurred suggesting thaf: these wall packets can later expand.
Therefore, incréases in cell wall length which occur during cellular expansion may well result
in both segmentation and a decrease in wall thickness. All regions of the egg apparatus walls
undergo segmentation except the micropylar portion of the egg and synergid cells common
wall. This results in common walls of the soybean egg apparatus cells being thicker at their
micropylar base than at their chalazal end. A similar progressive thinning of walls separating
the mature egg and synergid cells from ‘one another has also been noted in another variety of
soybean (Folsom & Peterson, 1984) and in Capsella (Schulz & ‘Jensen, 1968a, 1968b), cotion
(Jensen, 1965a), Petunia (van Went, 1970a), Torenia (van der Pluijm, 1964) and Zea (Diboll
& Larson, 1966).

The filiform apparatus does not deve:lop until the cells have eipandcd and can be
shown to be a proliferation of the cell wall common to the synergids. The filiform apparatus
is attached to the wall in a restricted area and its projections radiate out into the cytoplasm of
both synergids. By Calcofluor White staining the filiform apparatus, as well as all of the walls
of the egg appa’ratus of soybean are shown to contain a cellulosic component. This supports
previous wprk in Aquilegia (Vijayaraghavan et al., 1972), Bellis (Engell & Petersen, 1976),
cotton (Jéhsén. 1963), Papaver (Olson & Cass, 1981) and Scilla (Bhandari & Sachdeva, 1983)
where it has been shown that the filiform apparatus and all of the walls that surround egg
and syncr‘éid cells contain an insoluble carbohydrate.

‘* ’According to the terminology of Gunning, Pate & Briarty (1968), later modified by
Pate&and Gunning (1972), any cell which contains a region of wall ingrowths and is thought
to be involved in a transport function can be Jermed a "transfer cell”. Thus, because of the
presence of a filiform apparatus, the synergids can be considered transfer cells (Gunning et

- al., 1970). Exactly what the filiform apparatus transports is a subject of sofne controversy.
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While van der Pluijm (1964) discussed the function of the filiform apparatus only in terms of
secretion of chemotropic substances involved in directing the growth of the pollen tube,
Jensen (1965a) saw a much broader role for the filiform apparatus and the synerpid. In
cotton Jensen (1965a) proposed that the filiform apparatus functions both in releasing
chemotropic substances and transport of nutrients into the embryo sac. In later work
Mogl&scn (1981a, 1981b) and Tilton (1981b) rejected Jensen's (1965a) proposal and
concluded that the filiform apparatus is only involved in secretion of substances out of the
synergid.

The attachment of the filiform apparatus to the synergids’' common wall in Gnome,
the variety studied in this research, differs from that of another soybean variety, Bragg
(Folsom & Peterson, 1984). In Bragg the filiform apparatus was found attached to both the
embryo sac wall and lﬁc common wall of the synergids. This type of variability‘ between the
attachment of the filiform apparatus in different varieties of the same species has not been
noted before. In a broader comparison of different species \ihcre appears to be a similar type
of variability as evidenced by the fact that the filiform apparatus ranges from vase shaped
profiles on the common wall of the synergids in Nicotiana (Mogensen & Suthar, 1979}, .
Petunia (van Went, 1970a), Proboscidea (Mogensen, 1978a) and Helianthus (Newcomb,
1973a) to massive poliferations of wall material from the basal region of the synergids in
Agave (Tilton & Mogensen, 1979), Capsella (Schulz & Jenécn. 1968a), cotton (Jensen,
1965a), Petunia (Wilms, 1981) and Stipa (Maze & Lin, 1975).

During this research other differences were seen between the megagametophyte cells
of Bragg (Folsom & Peterson, 1984) and Gnome. These concern the presence of concentric
layers of rough endoplasmic reticulum (RER) chalazal to the egg nucleus in Bragg (Folsom &
Peterson, 1984) but not seen in Gnome and observations that the Bragg egg lacks amyloplasts
(Folsom & Peterson, 1984) while several starch containing plastids were observed in the egg
of Gnome. With respect to the presence of starch in the egg cell the situation in the two
varieties of soybean mirrors the difference between Capsella, cotton and spinach. In Capsella

(Schulz & Jensen, 1968b) and spinach (Wilms, 1981) the egg was shown to contain starch
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while amyloplasts were not seen in the egg of cotton (Jensen, 1965b). Although variations in
structure and organelle content between similar cells in different species could be based on
some major differences between plants involved the presence of similar levels of variability in
two soybean varieties suggests that no one variety may be entirely typical for a species as
intraspecific variation can exist. The presence of a natural amount of variability serves 1o
.

bring into question the importance of both the position and presence or absence of certain

structures and organelles to the overall function of the cells of the egg apparatus.

Development of the central cell:

The morphology of the mature soybean central cell differs greatly ?rom that
immediatelv after cellularization. The 3 most obvious features of the mature central cell are
the region of wall ingrowths at the micropylar base of the cell, the paired polar nuclei and
large numbers of multigrain amyloplasts. With embryo sac cellularization the centrai cell is
delimited at its poles by\ the chalazal wall of the egg apparatus and micropylar wall of the
antipodal apparatus. The central cell consists of 2 polar nuclei located at the micropylar and
chalazal poles, a large central vacuole and a laycr. of cytoplasm lining all of its walls. As cells 4‘
of the egg and antipodal apparati of soybean expand a number of changes begin to occur in
the central cell. lnitial]y‘th‘cse_changcs involve development of wall ingrowths in the cell’s
microﬁylar base on the embrvo sac wall, differentiation of multigrain amyloplasts from a
pop’ulau'on of undifferentiated plastids and fragmentation of the large vacuole. Subsequent to
the onset of these developmental changes the chalazal polar nucleus moves toward the egg,
apparatus and becomes associated with the rﬁicropylar polar nucleus. In soybean like Capsella
(Schulz & Jensen, 1973) nuclear fusion probably begins soon after pairing of polar nuclei.

Proliferations of embryo sac wall known as wall ingrowths have been reported in the
basal region of the central cell of soybean both before (Folsom & Peterson, 1984) and after
fertilization (Tilton et al., 1984) and have been shown to occur in the central cell of

Euphorbia (Gori, 1977), spinach (Wilms, 1981) and Helianthus (Newcomb, 1973a; Newcomb

& Steeves, 1971). The location and uime of wall ingrowth formation varies among plants. In
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Nicotiana (Mogenscr‘f& Suthar, 1979) and Proboscidea (Mogensen, 1978a) wall ingrowths |
also occur in the central cell but develop from the synergid wall. In Capsella wall ingrowths
develop in both micropylar and chalazal ends of the central cell but form only after
fertilization has occurred, originating from both the suspensor and embryo sac wall (Schulz &
Jensen, 1969, 1971, 1974). Wall ingrowths have been purporied to augment metabolite flow by
increasing plasma membrane surface area (Gunning & Pate, 1969, 1974; Pate & Gunning,
1972) and it has been concluded that they have a similar function in the central cells of
angiosperms (Tilton et al., 1984). '

The observation in soybean that both amyloplasts and ingrowths develop soon after
cellularization suggests that their formation may be related. In pea stems development of wall
ingrowths in celis between the vascular tissue (source) and centers of growth (sink) was
negatively affected by slowing the movement of the transpiration stream (Pate et al., 1970).
Pate, Gl;nning and Milliken (1970) further suggest that metabolite movement may be involved
in induction of wall ingrowth fofmalion. The situation between the central cell (sink) of
soybean and surrounding nucellar tissue (source) could be considered analogous to'that of pea .
as the development of central cell wall ingrowths either precedes or is simullaneous‘wilh the
development of starch grains in plastids. Further support for a rciationship between
amyloplast development and wall ingrowth formation could come from more developmental
studies in angiosperms with large amounts of starch in their central cell to see when arf'ﬂ?,q\
region of wall ingrowths develops. \\J '

After the initia! appearance of multigrain amyloplasts the individual starch grains
expand ultimately filling the plastid envelope making it difficult to discern the presence of a
plastid membrane. It is these large \muitigrain amyloplasts that Pamplin (1963) called “starch
packets”. Maheshwari (1950) considered that the development of nutritional reserves in the
central cell or any cell of the egg apparatus to be atypical in the angiosperms. However
Dahigren (1927, 1939) listed many plants where starch has been found in the embryo sac and
suggests that the situation is more common than once believed. The formation of starch has

been reported in the central cells of Arachis (Banerji, 1938; Reed, 1924), barley (Cass &
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Jensen, 1970), Euchiaena, Euchlaena » Zea (Cooper, 1937), M;dlcago (Cooper, 1935b;
Farley & Hutchinson, 1941; Reeves, 1930), Nicotiana (Mogensen & Suthat, 1979). Pentstemon
(Evans, 1919), Petunia (Cooper, 1946; van Went, 1970b), Plantago (Cooper, 1942 xSmd
Rhododendron (Palser et al., 1971). A rosette arrangement of the iwch packets is fairly
uniform in the soybean central cell. No evidence for the proposal of Kennell and Horner
(1985) that smau grains fuse 1o produce larger ones was found in this research. Rather from
ultrastructural observations on multigrain amyloplast development in the soybean cental cell
each packet or rosette of starch grains develops from the activity of a single multigrain
amylo;.’lasx.

Concomitant with the development of lapge rpulugrain amyloplasts is a decrease in the
volume of the central cell vacuome until it is‘rep}esemed by a population of small scattered
vacuoles. Segmentation of the initially large central cell vacuole in soybean appears to involve
the production and expansion of myelin-like bodies. Organelles structurally similar to
myelin-like bodies have also been referred to as lamellar bodies (Bowes. 1969, Mollenhauer et
al.. 1978). membraneous whorls (Bowes, 1969) and in certain cases inclusion bodies (Fineran,
1971). It has been proposed that myehn-like oodies are not naturally occurring structures but
artifacts induced by fixation (Curgy, 1968; Palade & Claude, 1949a, 1949b). However® it has \
recently been -shown by the use of various fixation protocols and the process of freeze etching
that myvelin-like bodies are present in living tissuc and not formed during the process of
fixation (Bowes, 1969; Fineran, 1971; Molienhauer et al., 1978; Thomas & Issac, 1967.
Yamada et al., 1983). Myelin-like bodies have been proposed to develop from the tonoplast
(Fineran, 1971) or by joint activity of protein and lipid bodies (Mollenhauer et al., 1978).
The function of these bodies is unknown but in one instance it has been suggested that they
are involved in the biogenesis of endoplasmic reticulum (Molienhauer et al., 1978). As
myelin-like bodies in soybean are often associated with dark osmiophilic structures it seems
that here too their development at least partially involves l;'poid bodies in the embryo sac.
.Based on observations of the soybean embryo sac before and after cellularization it appears

that myelin-like bodies develop in the cytoplasm, fuse with the large central vacuole and
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expand forming a network of membranes ir'm the vacuole. It is these membranes that aliow for
the subdivision of the large central cell vacuole. Evidence for this type of segmentation before
vacuolar shrinkage comes from observations of sdybean central cell maturation. During this
developmental phase numerous cases of vacuolar invaginations occur wffere the tonoplast
forms a sharp thin point ending in a membrane associated with a myelin-like body. This is
observ;d repeatedly around the périphery of the vacuale, with the invaginations exhibiting
various lengths and widths. “

In soybean the highest activity of rough endoplasmic reticulum (RER) and Golgi
apparatus activity occurs when the vacuome is reduced to the greatest extent. In rice (Bechte!
& Juliano, 1980) and to a lesser extent wheat endospeltm (Bechtel et al., 1982a, 1982b)
protein bodies appear u; be formed by activity of both RER and the Golgi apparatus. Because
of the high number of Golgi bodies and elevated level of dilated RER early in the
development of the central cell soyBean may be similar to these plants. In the central cell no
evidence was found for a process that occurs in soybean cotyledons (Yoo & Chrispeels, 1980)
involving the pinching off of protein bodies by subdivision of a va.cuole containing reserve
proteins. Rather in the central cell of soybean it is with the small vacuoles that the protein
bodies and multigrain amyloplasts fuse. Except for observations that both protein bodies and
multigrain amyloplasts fuse with vacuoles an& not with one another the order of fusion
appears random. As the vacuoles are much smaller than the multigrain Wplasw many
vacuoles attach to ?ach starch packet. All of these small vacuoles eventually fuse with one
another to enclose each starch pacfb a continuous vacuole. Ultimately, all vacuoles
coalesce creating a vacuome that extends throughout the cell contining most of the multigrain
amyloplasts and protein bodies of the central cell. Once fusion has occurred protein bodies
and starch packets begin to break down. The breakdown of multigrain amyloplasts not only
involves the separation of constituent grains but also a reduction in grain size. Protein body
degradation involves a loss in their condensed state forming flocculent matc'rial in the vacuole.
Suining of sections with Coomassee Brilliant Blue shows that, in later stages of development

PR

before fertilization, proteins can be detected throughout the soybean central cell in the

\
v
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vacuoles enclosing multigrain amyloplasts. - - .

The possession of luzé amou;xts of protein and carbohydrate in the soybean central
cell suggests that it may be involved in sequestering nutritional reserves. The overall process
of development of nutrient reserves (amyloplasts and protein bodies), vacuolar fusipn and
breakdown in soybean is roughly similar to that observed in endosperm of \%ui (Dncl{tef’el
al.., 1982a, 1982b), Oryza (Bechtel & Pomeranz, 1978, 1980; Harris & Juliano, 1977, glilO el
al., 1983) and oats (Bechtel & Pomeranz, 1981; Saigo et al., 1983) and also the cotyledons of

pea (Craig et al., 1980; Goodchild & Craig, 1982) and cowpea (Harris & Boutter,

1976). This has 1 consequences for the future development of the egg. tvgote,
reserves and begun the process of breaking them down in the centwyl cell vacwome before
fertilization many of the metabolites needed for growth andggevelopment are present in the

embrvo sac to be drawn upon after gametic fusion.

The antipodals:
With cellulariu;mon of the ssybcan embryo sac 3 irregularly shaped antipodgls are
formed at its chalazal end. Antipodal cells in soybean are said to either degenerate at some
’ boim before fertilization (George et al., 1979; Kennell & Horner, 1985; Pamplin, 1963) or to
persist until fertilization occurs (Prakash & Chan, 1976). In the variety 'of soybean used in
this research, Gnome, the antipodals were seen 10 .degeneratc well before qlmbryo sac
maturity. |
As the antipodals show a great deal of variability in b(‘nh longevity and structure it is
difficult to draw any conclusions about their function (Willemse & van Went, 1984). Perhaps.
because of their ephemeral nature ultrastructural reports have only been provided in Gasteria
(Willemse & Kapil, 1981), spinach (Wilms, 1981), Helianthus (Newcomb, 19732) and Zea
‘(Diboll & Lirsgn. 1966). Antipodals in different ;ngiospcrms exhibit structural features that
suggest an absorptive function. Masand and Kapil (1966) list many angiospermL that form

aniipodal haustoria and wall ingrowths have been shown to develop in antipodals of Papavera

*

.



. 132

L}

(Olson & Cass, 1981). Stipa (Maze & Lin, 1975), Helianthus (Newcomb, 1973a) and Zea
(Diboll & Larson, 1966). Support for a nutritive function does not appear to be universal.
Coe (1954) followed the movement of C'* through the ov1;le of a plant with a hypostase. He
was not able to demonstrate C'* in the hypostase and since 1t encloses the chalazal end of the

L4

embryo sac postulated that nutrients would not enter- the embryo sac by way of the  _wy
antipodals. '

Like the egg and synergids the ‘antipodal apparatus walls initially lack an observable
middle lamella. However the antipodal \;/alls develop an electror: dense region, which may be a
middle lamella, before senescence while those of the egg apparatus do not. The observation
that walls of both thé ege and antipodal apparatus do not initially .possess middle lamellae ,
tends to support statements’by Brown (1909) and Brown and Sharp (1911) that cellularization

occur$ in a similar mannevt both ends of the embryo sac. In soybean, plasmodesmata are

t in the embryo sac wall connecting the inner nucellus to the antipodals, in all walls of

A

the antipodals and in the anupodal/cemral cell wall. In both Heltanthus (Newcomb, 1973a)
and Gasteria (Willemse & Kapil, 1981) plasmodesmata exhibit a similar pattern leading '
Willcmse and Kapil (1981) to propose that the antipodals provide a syfaplastic route between
the nucellus and the central cell. Although g swgllar proposal could be made for soybean the
period of activity for the pathway xs hmned as the plasmodesmata,appear to be lost after .
degeneration of the antipodals. Smce the antnpodals degenerate during multigrain amyloplast

expansion the pathway provided by these cells cannot be the only one responsible fojcemraL .
cell nutrition~and growth of the starch grains.

R
o
. . "
The central cell and egg apparatus after pollen tube entry:
The observation that the pollen tube of soybean has grown into a synergid and is
closely associated with the filiform apparatus agrees with reports on bariey (Cass & Jensen,
1970), Capsella (Schulz & Jensen, 1968a), cotton (Jensen & Fisher, 1968), Epidendrum
(Cocucei & Jensen, 1969), Nicotiana (Mogensen & Suthar, 1979), Petunia (van Went, 1970¢c),

Proboscidea (Mogensen, 1978b), Quercus (Mogensen, 1972) and Torenia (van der Pluijm,
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1964) . The relationship between the point of pollen tube entry into the embryo sac and the
possession and position of a filiform apparatus appears duite strong. Even in Plumbago, a
synergidiess plant, a modification of the egg cell micropylar wall forms a filiform apparatus
(Cass, 1972, Cass & Karas, 1975). Here, as in other plants, it is near the filiform apparatus
that the pollen tube enters the embryo s:;c (Russell, 1982; Russell & Cass, 1981).

The synergids ultrastructural appearance immcdiately. before pollen tube entry appears
to vary from degenerate to normal {(van Went & Willemse, 1984). In cotton (Jensen & Fisher,
1968) and Nicotiana (Mogensen & Suthar, 1979) synergid degeneration begins b’cf ore pollen
tube entry whiie.in Capsella (Schul: & Jensen, 1968a) and Helianz‘zhus (Newcomb, 1973b) the
process does not appear to start until after polien tube penetration. 1t has been proposed that
this type of degeneration aids in directing pollen tube growth into the synergid (Jensen &
Fisher, 1968; Mogensen, 1978a). In soybean two conflicting views have been proposed about
the physiological state of the synergids before pollen tube entry. Kennell and Horner (1985)
reported that the synergid which received the polien tube persists after entry while Tilton et
al'.,;,f983) stated that the pollen tube enters a degenerétc synergid. Evidence from the present
research suggests that whatever the physiological state at the time of pollen tube entry the
synergid of Gnome becomes degenerate soon afterwards.

Frée s‘perm nuclei were seen in both the egg and central cell of soybean. Based on the
presence of chromatin bands the soybean sperm nuclei appear similar 1o those in barley (Cass,
1973: Cass & Karas, 1975) and rye (Karas & dss, 1976). The lack of nucleoli in sperms
present in,target cells of soybean is different from reports in cotton (Jensen & Fisher, 1967)
and Plumbago (Russell & Cass, 1981). Changes begin to occur in the soybean egg aftcn»!;perm
entry. Besides formation of additional wall material and de\)elopmcn}‘of qumerous - ' l
amyloplasts the cells major vacuole begins to fragment. Also, the persistent synergxd CXhlbk
changes. At this developmental stage the large chalazal vacuole begins 10 break up, numerous '
small vacubles are formed and a higher level of Golgi activity is observed in the persistent
synergid of soybean. A new polarity is also seen in this cell with most of the cellular

organelles now located in the micropylar two-thirds of the synergid. Although it is not known -

+
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whether these changes represent the beginning of persistent synérgid degénération, it seems
likely that the production of many small vacuoles and Golgi bodies in the cell may represent
the beginning of an elevated level of lytic activity..

Cells of the 3oybean egg apparatus undergo marked changes after fertilization. The
large central vacuole of the zygote breaks up, the cell decreases in volume and now possesses a
large amount of starch. This reduction of egg/zygote volume is referred to as zygotic
shrinkage and has also been reporled in cotton (Jensen, 1968) and Hlbtscus (Ashley, 1972).
Ashley (1972), after sludymg hybrids in Hibiscus, proposed that zygotic shrinkage was a usual
occurrence and necessary for "normal embryonic differentiation”. In soybean, prior to
karyogamy, vacuoles were observed fused with the plaSmalemma of both the egg and ccnl}'al
cell. This fusion was restricted to areas where the degenerate synergid cytoplasm had separated
the egg and central cell plasma membranes and may be involved in the process of zygotic
shrinkage in soybean. *

An elevation of nutritional reserves in“ihe’ zygote over levels in the egg has been noted
in a‘nurgx'ber of plants either in the form of starch (Jensen, 1968) or lipids (Schulz & Jensen,
19§8b). In soy?ean the zygote also possesses a greater amount of starch than the mature egg.

however” the increase in this type of reserve begins before sperm and egg nuclear fusion

‘occurs. There are also changes in the nature of the zygote wall. Before fertilization the wall

. T

; that eficloses the chalazal end of the egg is composed of packets of wall material separated by

areas of plas'ma membrane contact. After fertilization the amount of wall enclosing the early
z.ygote incre.ases forming a complete wall around the celi. This is appal;ently a common
ogcurrence and has been seen in all plants whosc»‘zy:gote has been investigated at an
ultrastructural level (Mogensen, 1972). wever, in soybean, the formation of a complete
wall begins before fertilization is complete and, along with the increase in 'nutritional reserves,
may be more a'response to egg/sperm cell plaSmogamy than karyogamy.

After fusion of the polar nucleus with a sperm cell to form the 1" endosperm nucleus

the central cell become highly vacuolate. Development of the vacuome and correspondin§

. PP g »
destruction of the muli Rmyloplasts actually begins well before fertilization and
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ultimately results in only a few multigrain amyloplasts remaining along the walls of the cell

with the remainder occupied by a large vacuole. Numerous mitotic divisions of the soybean I’

B R

cndospu:‘n:*ff,?w to form the initially free nuclear endosperm.
The fifst rh’ild“i:c' division in the young proembryo of soybean is perpendicular 1o its
long axis and establishes thé terminal and more vacuolate basal cell. Maheshwari (1950)
reported that this type of division is nornial for dicots ar;d Pamplin (1963) has classified
soybean erﬁbryo develop;ment as of the Onograd type. In a situation similar to Capsella

(Schulz & Jensen, 1968b) and Helianthus (Newcomb, 1973b) plasmodesmata were segn in the
n

-~

newly formed wall between terminal and basal cells. Soybean, howévcr, dif

ﬁ* that it has
plasmodesmata nct only in the wall separating the basal cell from the central cell but also in
the wall between the terminal and central cell. The wall separauing the terminal and basal cells
froth the cemral‘ cell can be seen as an elabogation of the egg and zygote walls. During the .
development of the 2-celled proembrvo a middle lamella develops in this wall. The lack of a
middle lamella in the young egg apparatus cell walls of Hartmannia has been reporied before
( Jol;ansen. 1929); however, the development of a middle lamella has not been discussed
previously: As the middle lamella is the first wall layer laid down during wall formation its
differentiation in existing cell walls is problematical and suggests that these walls may be

structurally unique.

Involvement of transfer cells in embryo nutrition: .
Throughout the development of the gametophyte and sporophyte gencrati;)ns the
§oybean embf_vo sac and ovule forms wall ingrowths. According to Pate and Gunning (1972) -
any cell which contains wall ingrowths and is thought to be involved in short distance |
transport of solutes can be termed transfer cells. This means not only the embryonic basal
cell, distal cells of the suspensor, some of the cells of the micropylar end of the nucellus and
inner integuments are transfer cells, but also the central cell of the embryo sac of soybean.
’

Although direct evidence of “a transport function for transfer cells is lacking there are

reports linking development of wall ingrowths to initiation of metabolite transport. Some of
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this evidence is provided by tracer studies (Gunning et al., 1968), me\tabolite uptake
experiments (Browning & Gunning, 1979b, 1979¢) and enzyme hisioci\{emistry (Brentwood &
Cronshaw, 1978). It has been reported that the movement of sugars into ‘sicve tube members
is an energy consuming process and that the hydrolysis of adenosineé triphosphate by an
adenosine triphosphatase (ATPase) could play an important role in s-upplyingn the necessary
energy (Gilder & CrownshaW, 1973). Brentwood and Crownshaw (19"'78) established a linkage
between the development of ingrowths and ATPase activity by showing that in Pisum the
plasmalcmﬁ{a of phloem transfer cells W?s positive for this enzyme only after wall ingrowths
were formed. A é®rrelation between ingrowth appearance and transport was also demonstrated
by Gunning, Pa}e and Briarty (1968) who used labeled CO, to study the phloem of P'qum and
showed thas"\de'v‘elopment of ‘wall ingrowths in its phloem transfer cells occurred only when
export of ntlabolues from the leaf began Additional proof for transfer cells having a
transport function comes from a sene‘hof papers by Browmmz & Gunning (1979a, 1979b,
1979¢) on the structure and function of transf er cells in the spoYophyte haustoria of Funaria.
hygrome:rica was discussed. This involved determining rates of uptake of both glucose and
sucrose intc trarnsf er cells that develop at the base of Funaria sporophytes. Flux rates for
absorpton of glucose, expressed in terms of amount of uptake per-unit tissue weight, were 50
times greater in the sporophyte haustoria of Funaria than in typical plant tissue. Only when
these rates were adjusted to compensate for the surface amplification caused by wall
ingrowths did the value for the transfer cells of Funaria become similar to that determined
for other plants (Browning & Gun'i_ming,<1979b). All these findings tend to support the
conclusion that wall ingrowths appear in a cell only at times of active transport and augment
metabolite flow by increasing membrane area (Gunning & Pate, 1969) . Although factors
causing development of wall ingrowths have not been firmly established, it has been suggested
that they develop because 61’ a deficiency in the transport system between metabolite source
and sink (Pate et al., 1970).

There is good circufnsmntial evidence that wail ingrowths play a part in facilitating

solute movement and that their appearance signifies the beginning or intensification of this
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type of activity. Therefore the sequential developmient of transfer cells in different-areas of
the soybean ovule could provide information about which parts of the structure are involved
in elevated levels of transport thus aiding our understanding of the nutritional environment of
the embryo and developing endosperm of soybean. These observations however, cannot tell us
anything about the specific nature of metabolites that might be undergoing importation into
the embryd sac. '

The small collection of nucellar transfer cells found around the micropylar region of
the post-fertilization embryo sac could well serve as a mechanism for metabolites to be
"exported” from the nucellus to the developing embryo sac. Pate and Gunning (1972)
reported that the possession of plasmodesmata connecting transfer cells to surrounding cells
was a common occurrence and that these plasmodesmata would allow the transfer cells to
draw upon the rest of the symplast for metabolites. In a similar manner the presence of
plasmodesmata in walls common with the vacuolate cells may facilitate movement of
metabolites from the soybean nucellus to the transfer cells for exportation to the embryo sac.
The collection of transfer cells formed, in later stages of development, at the base of the inner
integuments could function in much the same way as nucellar transfer cells.

Wall ingrowths found in the chalazal region of the central cell suggest that this ares is
involved in solute flux. It is interesting to note that these wall ing%Wths develop at the
micropylar base of the central cell at a time when starch packet formation is occurring. This
temporal association between starch packet formation and central cell wall ingrowth
development suggest that these micropylar wall ingrowths are also formed in response to
metabolite flux. It is possible that the appearance of the second set of wall ingrowths in the
chalazal region of the central cell of soybean is similar in that it signals the beginning of an
elevated level of metabolite flux into this region of the central cell. Such a flux in the embryo
sac of soybean might be important in the energy requiring process of free nuclear endosperm
formation. Besides wheat (Fineran et al., 1982) wall ingrdwths have been observed in the
chalazal region of the central cell of Capsella where it has been proposed that they function in

the absorption of nutrients from crushed nucellar celis (Schulz & .}enscn, 1974).



ln_\soybean the embryonic basal cell and degenerated synergid walls are in coma( In
this regioh ingrowths from the basal cell wall are directed into the basal cell of the suspensor.
Although wall ingrowths have been reported to be associated with the degenerate synérgid of
cotton {Schulz & Jensen, 1977), they were directed into the base of the central cell. Schulz
and Jensen (1977) proposed that the synergid's contents were being use.d by the developing
| endosperm and that the function of wall ingrowths was 10 facilitate this process. A similar
aclivity can be envisaged in soybean although the developing embryo appears to be the
recipient, . ' AN

The occurrence of wall ingrowths in the basal and suspensor cells of .angiosperm
embryos has been noted befl oré. Wall ingrowths have been reported in the basal cell of
Capsella (Schulz & Jensen, 1968b, 1969), Stellaria (Newcomb & Fowke, 1974) and soybean
(Dute & Peterson, 1984) also in the suspensor of Phaseolus (Clutter & Sussex, 1968; Yeung &
Clutter, 1979). Experiments with the suspensor of Phaseolus have shown that it is the main
site of labeled sucrose uptake during early embryo development (Yeung, 1980). A similar
pathway for embryo nutrition can be envisaged in soybean with the wall ingrowths in the

basal and more micropylar cells of the suspensor aiding in absorption of metabolites.

Embryo sac wall as a coffmon apoplast in soybean:

The question ¢ embryo nutrition has long been of interest. Haberlandt (1914)
expressed the opinion that all voung flowering plant embryos were parasitic organisms. It has
since been realized tha: tae developing cmbfyo is not only parasitic on but cytoplasmically
isolated from maternal Unge ¢ Pate & Gunning, 1972). Therefore materials must move from
surrounding tissue through the embryo sac wall to the developing embryo and endosperm. In
sovbean the wall enclosing the embryo sac is continuous, lacks plasmodesmata and can be -
considered a common apoplast despite regional variations in thickness. It has been shown that
transport 1‘n a wall is a passive process regulated by size of pores in the cellulose framework
and the ionic charges of groups attached to the matrix materia! (Luttge & Higinbotham,

1979). The work of Brentwood & Crownshaw (1978) established that ATPase activity in

L d
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Pisum phioem transfer cells occurred along the entire length of the plasmalermma and was not
localized near areas of wall ingrowths. Since there is no evidence that the embryo sac wall or
the plasmalemma of the cells connected to it differ regionally in their ability to aliow for
transport of metabolites it is probable th.at solutes diffuse through this wall ih all directions
according to their individual potentialgand enter embryo sac cells along the entirety of theif
plasma membranes.

The question arises, by what route do the developing embryo and central cell obtain
metabolites? I haye presented structural evidence that the embryo and central cell gf soybean
- can only be absorbing materials from the embryo sac wall. ‘lt seems reasonable to assume that
thc embryo sac wall, as a common apoplast, be considered as both a sink and a source for
solutes en route to the developing embryo sac and that the point of entry of a metabolite from
the nucellus ands the point of exit of that same molecule to cells of the embryo sac cannot be _
simply cohkiaér;éa as "across Lhe'embr,vo sac wall™.

This concept may be important in understanding the significance of transfer cells
associated with the embryo sac wall both before and after fertilization. It seems probable that
transfer cells, which occur in the micropylar nucellus and the base of the inner integuments of
soybean, could function in supplying the embryo sac wall with metabolites. These transfer
cells could develop either because these areas represent a deficiency in the transport pathway
(Pate et al., 1970) or simply because there is heavier metabolite requirement in the micropylar
region of the embryo sac. The development of wall ingrowths in the central cell, embryonic
basal cell and suspensor celis of soybean could be seen as a means to facilitate uptake of
soluble metabolites from the same embryo sac‘ﬂ. The presence of wall ingrowths covering
most of the micropylar base of the embryo sac during stages of development discussed in this
thesis suggests that this region requires an elevated level of transport because it is

metabolically dynamic. On this point my interpertation and that of Jensen (1972) are in

agreement.



~

V. Literature cited

Ashley, T. 1972. Zygote shrinkage and subsequent dcve10pm’cm in some Hibiscus hybrids.
Planta 108:303-317.

Banerji, . 1938. A note on thg embryology of the ground nut (Arachis hypogaea L.). ].
Bombay ‘Nat. Hist. Soc. 40:539-543.

Battaglia, E.;1951. The male and female gametophyte of angiosperms an interpretation.
Phytomorph. 1:87-116. ’

Bechtel, D. B.. R. L. Gaines, and Y. Pomeranz. 1982a. Early stages in wheat endosperm
formation and protein body initiation. Anp. Bot. 50:507-518.

Bechtel, D. B., R. L Gaines, and Y. Pomeranz. 1982b. Protein secretion in wheat endosperm
formation of the matrix protein. Cereal Chem. 59:336-343.

Bechtel. D. B.—and B. O. Juliano. 1980. Formation of protein bodies in the starchy
endosperm of rice (Oryza sativa L.): A rte-investigation. Ann. Bot. 45:503-509.

Bechtel, D. B, aﬁd Y. Pomeranz. 1978. Ultrastructure of the mature ungerminated rice
(Oryza sat,iya) caryopsis. The starchy endosperm. Amer. J. Bot. 65:684-691.

Bechtel, D. B., ana Y. Pomeranz. 1980. Formation of protein bodies in the starch endosperm

of rice (Oryza sativa L.): A re-investigation. Ann. Bot. 45:503-509.

Bechtel, D. B., and Y. Pomeranz. 1981. Ultrastructure and cytochemistry of mature oat

(Avena sativa L.) endosoperm. The Aleurone layer and starchy endosperm. Cereal Chem.
58:61-69.

Behnke, O.,‘and T. Zelander. 1970. Preservation of intercellular substances by the cationic
dye alcian blue in preparative procedures for electron microscopy. J. Ultra. Res.
31:424-438.

Bhandari, N. N.. and A. Sachdeva. 1983. Some aspects of organization and histochemistry of
the embryo sac of Scilla sibirica Sato. Protopiésma 116:170-178.

Bharathi, M. and U. R. Murty. 1984. Comparative embryology of wild and cultivated species
of Arachis. Phytomorph. 34:48-56.

Bouillot, J. 1969. Individualisation progressive des cellules du sac embryonnaire chez le

140



14]

Juglans regia L. Rev. Cytol. Biol. Veg. 32:203-208.

Bowes, B. G. 1969. Eiectron microscopic observations on myelin-like bodies and related
membranous elements in Glechoma hederacea L. Z. Pflanzenphysiol. Bd. 60:414-417.

Brentwood, B. J., and J. Cronshaw. 1978. Cytochemical localization of adenosine
lriphosphalase'in the phloem of Pisum sativum and its relation to the function of transfer
cells. Planta 140:111-120.

Brown, M. M. 1917. The development of the embryo-sac and of the embryo in Phqseolus
vulgaris. Bull. Torrey Bot. Club 44:535-544.

Brown, W. H. 1909. The embryo sac of Habenc;ria. Bot. Gaz. 48:24]-250.

Brown, W. H.. and L. W. Sharp. 1911. The embryo sac of Epipactis. Bot. Gaz. 52:439-452.

ﬁrowning, A.J.. and B. E. S. Gunning. 1979a. Structure and function of transfer cells in the
'roph_\‘le haustorium of Funaria hygrometrica Hedw. |. The dewelopment and
ultrastructure of the haustorium, J. Exp. Bot. 30:1233-1246.

Browning, A.J., and B. E. S. Gunning. 1979b. Structure and function of transfer cells in the
sporophyte haustorium of Funaria hygrometrica Hedw. I1. Kinetics of uptake of labelled
sugars and .localization of absorbed products by freeze-substitution and autoradiography.
J. Exp. Bot. 30:1247-1264. .

Browning, A. J., and B. E. S. Gunning. 1979c. Structure and function of transfer cells in the
sporophyte haustorium of Funaria hygrometrica. l11. Translocation of assimilates into the
attached sporophytes and along the seta of attached and excised sporophytes. J. Exp. Bot .
30:1265-1273.

Buell, K. M. 1952. Developmental morphology in Dianthus. 11. Starch accumulation in ovule
and seed. Amer. J. Bot. 39:458-467.

Carroll, T. W., and D. E. Mayhew. 1976. Anther and polien infection 1n relation to the
pollen and seed transmissitility of two strains of barley stripe mosaic virus in barley.
Can. J. Bot. 54:1604-1621. .

Cass. D. D. '972. Occurrence and development of a filiform apparatus in the egg.of

Plumuzgo capensis. Amer. J. Bot. 59:279-283.



142

Cass. D. D. 1973. An ultrastructural and Nomarski-interference study of the sperms of
barley. Can. J. Bot. 51:601-605.

Cass. D. D.. and W. A. Jensen. 1970. Fertilization in barley. Amer. J. Bot. §7:62-70.

Cass. D. D., and . Karas. 1975. Development of sperm cells in barley. Can. J. Bot.
53:1051-1062.

Cass, D. D., D. J. Peteya, and B. L. Robertson. 1985. Megagametophyte dcveﬁpmem in
Hordeum vullgara 1. Early megagametogenesis and the nature of cell wall formation.
Can. J. Bot. 63:2164-2171.

_ Clutter, M_E.. and I. M. Sussex. 1968. Ultrastructural development of bean embrvo cells
conlaining polytene chromosomes. J. Cell Biol.. 39:26a.

Cocucci, A., and W. A, Jensen. 1969. Orchid embryology : Megagametophyte of Epidendrum
scutella following fertilization. Amer. J. Bot. 56:629-640.

Coc. G. E. 1954 Distribution of carbon 14 in ovules of Zephyranthes drummondii. Bot. Gaz.
115:342-346.

Cole. M. B.. Jr.. and S. M. Sykes. 1974. Glycol methacrylate in light microscopy : A routine
method for embedding and sectioning animal tissues. Stain Tech. 49:387-400.

Cooper., D. C. 1931. Macrosporogenesis and the development of the macrogametophyte of
Lycopersicon esculentum. Amer. J. Bot. 18:739-751.

Cooper. D. C. 1933. Macrosporogenesis and embryology of Melilotus. Bo‘t. Gaz. 95:143-155.

Cooper, D. C-1935a. Macrosporogenesis and development of the embryo sac of Lilium
henryi. Bot. Gaz. 97:346-355.

Cooper, D. C. 1935b. Macrosporogenesis and embryology of Medicago. J. Agr. Res.
51:471-477.

Cooper. D. C. 1937. Macrosporogenesis and embryo-sac development in Euchlaena mexicana
and Zea mays. J. Agr. Res. 55:539-551.

Cooper, D. C. 1939. Development of megagametophyte in Erythronium albidum. Bot. Gat.
100:862-867.

Cooper, D. C. 1941. Macrosporogenesis and the dcvelopmcr?t & the seed of Phryma



) ¥

Al

{epws:achya. Amer. J. Bot. 28:755-761.

L . S
Cooper, D. C. 1946. Double fertilization in Petunia. Amer. J. Bot. 35‘.‘*-57. R
s“‘;;.f =
Cooper, G. O. 1942. Development of the ovule and the formation of the seed in Plamago

lanceolata. Amer. ). Bot. 29:577-581.

Craig, S.. D. J. Goodchild, and A. R. Hardham. 1979. Structural aspects of protein
accumulation in developing pea cotyledons. 1. Qualitative and quantitative changes in
parenchyma ccll’uoks. Aust. J. Plant Physiol. 6:81-98.

Craig. S.. D. J. Goodchild, and C. Miller. 5980. Structural aspects of protein accumulation in
developing pea cotyledor}s. I1. Three-dimensions' -econstructions of vacuoles and pfotei}x
bodies from serial seclioﬁs. Ausl. J. Plant Pr,siol 7:329-337.

Curgy, J. J. 1968. Influence du mode de fixation sur la-possibilité d'observer \ ctures
myéliniques das le hépatocytes d'embryons de poulet. J. Microscopie 7:63 \

Daddow. L. Y. M. 1983. A double lead stain method for enhancing contrast of ultmhhn
sections in electron microscopy : a modified multiple staining technique. J. Microsc.
129:147-153.

Dahlgren, K. V. O. 1927. Uber das vorkommen von starke in den embryosacken der
Angiosperms. Ber. Deutsch. Bot. Ges. 45:374-384.

Dahlgren, K. V. O. 1939. Sur la présence d'amidon dans le sac embryonnaire chez les
Angiosperms. Bot. Notiser 1939:221-231.

Davis, G. L. 1964a. Embryological studies in the Compositae. [V. Sporogenesis,
gametogenesis. and embryogeny in Brachycome ciliaris (Labill.) Less. Aust. J. Bot.
12:142-151.

Davis. G. L. 1964b. Development of the female gametophyte of Minuria cunninghamii (DC.)
Benth. (Compositae). Aust. J. Bot. 12:152-156.

Davis, G. L. 1966. Systematic embryology of th: Angiosperms. John Wiley & Soms, Inc., New
York '

+ Diboll, A. G., and D. A Larson. 1966. An electron microscopic study of the mature

megagametophyte in Zea mays. Amer. J. Bot. 53:391-402.



* Planta 110:189-204.

)

% 144
¥ | ’ o

Dickinson. H. G.. and L. Andrews. 1977. The role of membrane-bound cytoplasmic
inclusions during gametogenesis in l:mum longiflorum Thunb. Planta 134:229-240.

Dickinson, H. G., and 8 Potter. 197854Cytoplasmic changes accompanying the female
meiosis in Lilium longiflorum Thunb. J. Cell Sci. 29:147-169.

Dute. R.. and C. M. Peterson. 1984. Features of the proembryo and free nuclear endosperm

of soybean, Glycine max (L.) Merr. Amer J. Bot. 71(5) pt. 2:25.
Engell. K., and G. B. Petersen. 1976. lﬂtegumcnury and endotheliar cells of Bellis perennis.
Bot. Tidsskrift 71:237-244. L

Evans, A. T. 1919. Embryo sac and embryo of Pentstemon secundi florus. Bot. Gaz.
67:427-437.

Farley, H. M.. and A. H. Hutchinson. 194] . Seed development in Medicago (alfalfa) hybrids.
1. The normal ovule. Can. J. Res. (sec c) 19: 421 437

Feder. N., and T. P. O'Brien. 1968. Plant mncrotechmquz" some prmc:ples and new rrth
. L SR
Amer. J. Bot. §5:123-142, L, :"” : '
it
Fineran, B. A. 1971. Ultrastructure of vacuohx mc«luqbném rootm(ot lasmg' 73 1 18 ..»»

b # &
Fineran, B. A.. D. J. C. Wild, and M. lngerﬁeld 1982 xmé‘;l wall chaeon %me '};f'% m?;'
endosperm of wheat, Triticumn adivwﬁ‘ a recvaluaupgl Cap Y. m 60317%} 93% i N "";*}'*
S S

Folsom, M. W, 1981. An ultrastructure study of the eqbnm sac of soneap-Glycme m_ax m ) ’

v . vo‘*w
. o o

Merr. M. Sc. Thesis, Auburn University

Folsom, M W., and C..M. Peterson. 1984. Plt
»

of soybean, Glycine max (L.) Merr. Bot“
George. G. P., R. A. George, and J. M. H&rg\if

él\igal aé'pec‘t:s; of Lt;g_:ﬁxat,ure embryo sac
arh145:1:0. |

3979, Afcomparauvc study of oviile and

megagametophyte development in f ield - c{wngnd greebhouse~grown plams of Glycine

max and Phaseolus aureus (Papilionag im J. Bot. 66 1833-1043.

Gilder, J., and J. Cronshaw. 1973. Adend§ 4 osphausc in the phloem of Cucurbita.

L,

Goodchild, D. J.. and'S. Craig. 1982. S Tgspects of protein accumulation in
developing pea cotyledons. I'V. Eff A ;pgﬁaiaﬁve procedures on ultrastructural




1438

integrity. Aust. J. Plant Physiol. 9:689-704. “ )

Gordon-Weeks, P. R., R. D. Burgoyne, and E. G. Gray. 1982. Presynaptic microtubules:
Organisation and asscmﬁly/disuscmbly. Neuroscience 7:739-749.

Gori, P. 1977. Wall ingrowths in the embryo sac of Euphorbia helioscopia. Isreal J. Bot.
26:202-208. -

Gunning, B E. ‘S.. and J. S. Pate. 1969. "Transfer Cells” Plani cells with wall ingrowths,
specialized ;n relation to short distance transport of solutes - their occurrence, structure,

. and development. Protoplasma 68:107-133.

Gu:ning, B.E.S.,and J. S. Pate. 1974. Transfer cells. Pages 441-480. In: Dynamic aspects
of plant ultrastructure. A. W . Robards, ed. McGraw-Hill Book Co. (UK.) Limited, £,
Maidenhead, England. «‘f

- -
Gunning, B. E. S., J. S. Pate, and L. G. Briarty. 1968. Specialized "transfer cells” in & -

-

veins of leaves and their possible signiqficance in bhloemiranslocalmn. J. Cell Biol.
p.or & ' "

Gunning, B.E. S.. J. S. Pate, and L. W. Green. 1970. Tran;fer cells in the vascular system
of stems: taxonomy, association with nodes..and structure. Prot?plasma 71:147-171.

Haberlandt, G. 1914. Physiologicql plant anatomy., 4th ed., Translated by M. Drummond.
Macmillan & Co., London: Reprinted, 1965, Today ﬁTommorow's Book Agency, Neﬁv
Delhi, India.

Harris, N and D. Boulter. 1976. Protein body formation in cotyledons of developing cowpea
(Vigna‘ unguiculata) seeds. Ann. Bot. 40:739-744.

Harris, N\, and B. O. Ju;iano. 1977. Ultrastructure of endosperm protein bodies in developing
riciz grains differing in protein content. Ann. Bot. 41:1-5.

Haskell, D. A, and S. N. Postlethwait. 1971. Structure and mgtogenesis of the embryo of
Acer saccharinum. 1. Embryo sac and proembryo. Amer. J. Bot. 58:595-603.

Hepler, P. K. 1;76. Plant microtubules. pages 142-]187. In: Plant biochemistry. Third Ed.. J.

Bonner and J. E. Varﬁer,' ed., Acalemic Press, New York.

Hepler, P. K. 1981. The structure of the endoplasmaic reticulum revealed by osmium tetroxide



‘9 ’

—
- potassium ferricyanide staining. Eur. J Cell Biol. 26:102-110.

Heslop-Harrison, J. 1972 Sexuality in angnosperms"'pagcs 133-289. ln Plant Physlology a

treatise. Vol. Vic: Physiology of Development: From seeds‘l/o sexuality. F. C. Steward, ed.
*
Academic Press, New York. o

rd

Hcslop Harsison ,J. 1979. Aspects of the structure, cytochemistry- and germination of the
pollen of rye (Secale cereale L.). Ann. Bot. 44: 1 47 (supplement #1).
Heslop-Harrison, J and A. Mackenzie. 1967. Autoradiography of soluble [2-!*C] thymidine
) derivatives during ‘r.ﬁeiosis and Enicmspordﬁ‘nesis in Lilium anthers. J. Cell Sci.
2:387-400.

Hindmarsh, G. J. 1964. Gametophyle development in Trifolium pratense. L. Aust. J. Bol.
121414, ' "

Hoagland, D/ R., and D. 1. Arnon. 1950. The water culture method for growing plants

without soil. Ca‘lif. Agric. Exp. Sta. Circ. #347, 32 pagés.

N ‘Howe, T. D. 1926. Mpmem of embryo sac‘in Grindelia squarrosa. Bot. Gai. 81>:280-296.
Howe, T. D #9695. The femnale gametophyte of Machaeranthera pattersonii ( Aster pattersonii)
;_,a&h of M. dacetifolia. Amer. J. Bot. 56:641-645. '

Howe, T. l; 1975. Tpe female gametophyte of threesspgcies of Grindelia and of Prionopsis
ciliata (Compositae). Amer. J. Bot. 62:273-279. S

_ ¢ Hughes, J.,and M E. McCully. 1975. The use of an optical brightener in the study of plant

structure. Stin Tech ’%19*329

v +Ishikawa, R.'M. 1918. Sludl?&ﬂn the embryo sac and fertilization of Oenothera. Ann. Bot.

.&«—-..
-

32:279-817. . -
Isreal, H. W ) and Y. Sagawa 1964. Post - pollination ovule development in Dendrobium
_ orchids. I}/ /Fme structure of Lhe nueellar and archesporlal phases. Caryologla 17:301-316.
. Isreal, H. W., and Y. Sagawa. 1965. Post-pollinatiof ovule development in Dendrobium
.« orchids. II. Fine structure of meiotic prophase I. Caryologia 18:15-34.
| iénérgn, W. A%1962. Botanical histochemistry: principles and practice. W. H. Freeman and

Co., San, Francisco. ¢ | K\.\



> .

’ 147

Jensen, W. A. 1963. Cell developrﬁeht during plant embryogeriesis. Brookhaven Symposium in
Biology 16:179-202. ‘

Jensen, W. A. 1965a. The ultrastructure and histochemistry of the synergids of cotton. Amer.
J. Bot. 52:238-256.

Jensen, W. A. 1965b. The ultrastructure and composition of the egg and central cell of
cotton. Amer. J. Bot. 52:781-797.

Jensen, W. A. 1968. Cotton embryogenesis: the zygote. Planta 79:346-366.

Jensen, W. A. 1972. The embryo sac and fertilization in angiosperms.- Harold L. Lyon Arbor.
Lect. 3:1-32. | |

Jensen, W. A, a;1d D. B. Fisher. 1967. Cotton embryogenesis: DoubleTertilization.
Phytomorph. 17:261-269.

Jensen, W. A., and D. B. Fisher. 1968. Cotton embryogenesis: The entrance and discharge of ’

the pollen tube in the embryo sac. Planta 78:158-183. .

Johansen, D. A. 1928. The hypostase: itsmpresence and function Qhe ovule of the
Onagraceae. Proc. Nat. Acad Sci. 14: 710 713.

Johansen D. A, 1929. Studnes on the morpholog\ of Onograceae. 1. The megagametophyte of
. Harzmanm’a tetraptera. Bull. Torrey Bot. Club 56:285-299.

Johansén, D. A. 1945.'A critical survey of the present status of plant embryology. Bot. Rev.

11:87-107. . , ps

Johansen, N. A. 1950. Plant embryology. Chronica Botanica Company, Waﬁham. Mass.. U.
S.A.

Kapil, R’ N., and S. C. Tiwa@ 1978. 'lflam embryological investigations and fluorescence
microscopy: an assessmen' of lnn:ération. Inter™Rev. Cytol. 53:291-331.

. g

Karas, 1., and D. D. Cass. ‘19'16."Ultras'tmctural aspects; of sperm cell f ox:mation in rye:
evidence for cell plateﬁ‘ﬁvolv';mem in generative cell division. Phytomorph. 26:36-45.

Kennell, J. C and H. T. Horner. 1985. Megasporggcncsis ‘and meéagamctogencsis in
soybean, Glycine max. Amer. Jaol. 72:1553-1564. . .

»

Khan, R. 1942. A contribution to the embryology of Jussiexa repens Linn. J. Indian Bot. Soc.

S



21:267-282, | .
Kuran, H. 1972. Caliose localization in the walls of megasporocytes and megaspores in the
course of development of monospore: embryo sacs. Acta Soc. Bot. Polon. 41:519-539. .
Langlet, O. F. I, 1925. On the embryology of Adenostyles. Sv. Bot. Tidskr. 19:215-231.
Langlet, O. 1927. Umber die entwicklung des eiapparates in emb(ryosack der Angiosperrhen.

i

Sv. Bot. Tidskr. 21:478-485. " '
Lillie, R. .D;. and H. M. Fullmer. 1976. Histopathologic tec':hm'que and practical

. histochemistry. McGraw - Hill, Inc., New York.
Luft, J. H. 1971, Ruthenium red and violet. I..Chemistry, purification, methods of use for

electron microscopy and mechanism of action. Anat. Jec. 171:347-"368.

! Latige, U., and N. Higinbotham. 1979. Transport in Plants. Springer- Verlag, New York.

Maheshwari, P. 1950. An introduction to the embryology ¢ f angiosperms. McGraw - Hill, New
York. ' L

Mahcshwan P., and A R. Srinivasan. 1944. A comnbuuon to the embryology of Rudbellua

- - blcolor Nuu New Phytol. ms 142.
Malik, C. P., and S. Vermani. 1975 thsxolog\ of sexual reproduction 1. A histochemical
study of the embryo sac development in Zepigzranzhes rosea and Lagenaria vulgaris. Acla
Histochem. 53:244-280. r _
Martin, J. N. 1914, Comparative morphology of some Leguminosae. Bot. Gaz. 58:154-167.
» Masand, P, and R. N. Kapil. 1966. Nutrition of the embryo sac and embryo - a  » |
morphological approach. Rhytomorph. 16:158-175.
Matile, Ph. 1969. Plant lysosomes. pages 406-430. 1 Lysosomes in biology and pathology.
Vol. 1., J. T. Dingle and H. B. Fell, ed., North-Holland Publishing Co., London. J
- Matile. Ph. 1976. Vacuoles. pages 189-224. In: Plant bioéhémistry. Third Ed.. J. Bonner and
'J. E. Varner, ed., Academic Press, New York.  * |
Matile, Ph., and H. Moor. 1968. Vacuolation: origin and development of the lysésomal
apparatus in root-tip ceffs. Planta 80:159-175.

-

Maze, J., and Shu-Chang Lin. 1975. A study of the mature megagametophyte of Stipa elmeri.



149

* Can.J. Bot. 53:2958-2977.

McLean, R. C., and W. R. lijimcy'-Cook. 1956. Textbook of theoretical botany Vol. 1l.,
Longmans, Green & Co., New York.

Mogensen, H. L. 1972. Fine structure and composition of the egg apparatus before and after
fertilization in Quercus ‘gambeliiz The functional 0\'/ule. Amer. J. Bot. 59:931-94],

Mogensen, H. L. 1978a. Synergids of Proboscidea louisianica (Martineaceae) before
fertilization. Ph,\"tomorph. 2§8:114-122.

Mogensen, H. L. 1978h.. Pollen tube-synergid interactions in Proboscidea louisianica
(Martineaceae). Amer. J. Bot. 65:953-964. .

Mogensen, H. L. 1981a. Ultrastructural localization of adenosine triphosphatase in the ovules
of Saintpaulia ionantha (Gesneriaceae) and its relatiofi to synergid function and embryo
sac nutritipn. Amer. J. Bot. 68:183:194.

Mogensen, H. L. 1981b. Transiocation of uranin within the livinguovules of selected species.
Amer. J. Bot. 68:195-199. | .

Mogensen, H. L., and H. K. Suthar. 1979. Ultrastructure of the egg apﬁa;alus of Nicoliaha
tabacum (Solanaceae) before.'and after fertilization. Bot. Gaz. 140'.'138-179.

Mollenhauer, H. H. 1964. Plastic err_xbe'dding mixtures for use in eléclroﬁ m@croécopy. Stain
Technol. 39:111-114. | J '

Mollenhguer, H. H., D. . Mbrre, ‘and C. L. Jelserna. 1978. Lamellar bodies as intermediates

L%

in endoplasmic ,retiﬁ\lqm;‘ogenesis in maize (Zea mays L.) embryo, bean ( Phaseolus

vulgaris L.) coxyf;\don. :nd pea (Pisum sativum L.) cotyledon. Bot. Gaz. 139:1-10.
Newcomb. W. 1973a. The development of the embryo sac of sunflower Helianthus annuus
before fertilization . Can. J. Boj, 51:863-876. |
Newcomb, W. 1973b. The devc%f;pmenl of the embryo sac of sunflower Hel;an;hus annuus

“after fertilization. Can. J. Bot. 51:879-890. -

Newcomb, W.. and L. C. Fowke. 1974. Stellaria media embryogenesis: the dcvclopgﬁcnl and

v

ultrastructure of the suspensor. Can. J. Bot. §2:607-614.
) . L
Newcomb, W., and T. A. Steeves. 1971. Helianthus annuus embryogenesis: embryo sac wall
® ' .

3

N ;



AN

150

projections before and after fertilization. Bot. Gaz. 132:367-371.
Iﬂcwc‘:omer. E. H. 1953. A new cytological and histological fixing fluid. Science 118:161.
Noher dc.’l-lalac, 1. 1980. Callose deposition during megagametogenesis in two species of
Oenothera. Ann’, Bot. 46:473-477. |
Noher de Halac, l.'. and C. Harte. 1977. Different patteras of callose wall formation during

. megasporogenesis in two species of Oenothera (Onagraceae). Plant Syst. Evol. 127:23-28.

Norris. H. W. 1892. Development of the ovule in Grindelia squarrosa. Amer. Nat.

26:703-70S. pl. 20.

O'Brien, T. P., and M. E. McCully. 1981. The study of plant structure: principles and selected

methods. Termarcarphi Pty, Lid., Melbourne, Australia.
Olson, R. A+, and D. D. Cass. 1981. Changes in megagametophyte structure in Papavera
nudicaule L. (Papaveraceae) following in vitro placental pollinalior;."Amer. J. Bot.
68:1333-1341. | o
Pace, L. 1909. The gametophytes of Calopogon. Bot. Gat. 48:126-?37:

Palade, G. E., and A. Claude. 1949a. The nature of the golgi apparatus I. Parallelism betw%n

intercgllular myelin figures and golgi apparatus in somatic cells. J. Morphology 85:35-69.

{alade_. G. E., and A. Claude. 1949b. The nature of the golgi apparétus I1. ldentification of
the gdl.gi apparatus with a complex of myelin figures. J. Morphology 85:71-1;11.

Palser, B. F., W. R. Philipson, and M. N. Philipson. 1971. Embryology of Rhododendrén. J.
Ind. Bot. Soc. 50A:172-188. ,

Pamplin, R. A. 1963. The anatomical development of the ovule and seed in the soybean.
Ph.D. Thesis, University of Illinois (Diss. Abstr. 63-5128). |

Park, P.. S. Yamamoto, K. Kohmoto, and H. Otani. 1982. Comparative effects of fixation

methods using tannic acid on contrast of stained and unstained sections from
Spurr-embedded plant leaves. Can. J. Bot. 60:1796-1804.
Pate, J. S.. and B. E. S. Gunning. 1972. Transfer cells. Ann. Rev. Pbm Physiol. 23:173-196.
Pate, J. S.. B. E. S. Gunning, and F. F. Milliken. 1970. Function of transfer cells in the

: . . - @ :
nodal regions of stems, particulariy in relation to the nutrition of young seedlings.

-

»



151

Protoplasma 71:313-334. ‘ _ .

Peuilt,' J. M. 1977. The megaspore wall in gymnosperms: ultrastructure in some’
zooidogamous forms. Proc. R. Soc. Lond. B. 195:497-515.
Prakash, N. 1979. Embryological studies on economic plants. New Zealand J. Bot.
17:525-534. ‘
Prakash, N.,and Y. Y. Chan..l976. Embryology of Glycine max. Phytomorphology '
26:302-305. »
‘Pritchard, H. N. 1964. A cytochemical study of embryo sac development in Stellaria media.
Amer. J. Bot. 51:371-378. b
Probst, A. H., and R. W Judd. 1973. Origin, U.S. history and dcvelopmcnﬁ. and world “

distribution. pages 1-16. In: Soybeans: improvement, production, and uses. B. E. Caldwell,
ed., Agron. Monogr. 16, Amer. Soc. Agron., Madison, Wis.

Reed, E. L. 1924, Anatomy, embryology, and ecolgy of Arachis hypogaea. Bot. Gaz.
78:289-310. o o

Rees-Leonard, O. L. 1935. Macrosporogenesis and development of the macrogametophyte of
Solanum tuberosum. Bot. Gaz. 96:734-750. pl. 9-10.

Reeves, R. G. 1930. Development of the ovule and embryo sac of alfalfa. Amer. J. Bot.
17:239-246.

Rembert, D. H., J1. 1967. Development of the ovu‘le and megagametophyte in Wisteria
sinensis. Bot. Gaz. 128:223-'229. /

Rembert, D. H., Jr. 1969. Comparative megasporogenesis in Papilime. Amer. J. Bot.
56:584-591.

Rembert, D. H., Jr. 1977a. Ovule ontogeny, megasporogenesis, and early gametogenesis in

Trifolium repens (mlibﬁaceae” 64:483-488
Rembert, D. H., Ju. 1977h Contribuf Poie Hatogeny in Glycine max. Phytomorph.

27:368-370. . . B o !

“

Robards, A. W. 1975. Plasmodesmata. Ann. Rev. Plant Pf‘:ys’ibl. 26:13-8.

Rodkiewicz, B. 1968. Diffcrences in the distribution pattern of callese 'f.n cell wall‘s during



152

megasporogenesis in sorﬁc species of ﬂoweﬁng plants. Bull. Acad. Polon. Sci., Ser, Sci.
Biol. 16:663-665.

Rodkiewicz, B. 1970. Callose in cell walls during megasporogenesis in Angiosperms. Planta |
93:39-47,

Rodkiewicz, B.. and J. Bednara. 1974, Distribution of organelles and starch grains during
megasporogenesis in E pilobium. pages 89-95. In: Fertilization in Higher Plants. H. F.
Linskens, ed., North-Holland Publishing Co., Amsterdam.

Rodkic‘wic;. B., and J. Bednara. 1976. Cell wall ingrowths and callose distribuﬁon in
megaspores in some Orchidaceae. Phytomorph. 26:276-281.

Rodkiewicz, B., and E. Mikulska. 1965. The development of cytoplasmic structures in the
embryo sac of Lilium candidum, as observed with the electron microscope. Planta
67:297-304. .

Roland, J.-C. 1978. General prep¥ration and staining of thin sections: /n: J. L. Hall, ed.,
Eiectron mieroscopy and cytochemistry of plant cells. Elsevier/North-Holland B;orﬁedical
Press. New York. 3

Roy, B. 1933. Studies in the developmer‘h of the female gametophyte in s?me leguminous crop
plants of India. Indian J. Agric. Sci. 3:1098-1107.

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

Russell, S. D. 1982. Fertilization in Plumbago zeylanica: entry and discharge of the polien

tube »;hc'embryo sac. Can. J. Bot. 60:2219-2230.

and D. D. Cass. 1981. Ultrastructure of fertilizatiop ¢

Russcll S ‘. Plumbago zeylanica.

AcLa §oc Bot. Polomac 50:185-189.

Saigo. R. H., D. M. Peterson, and J. Holy. 1983, Development of protein, bodies in oat

» -
ﬂ Phylomroph 85114 124‘4 . . e g‘,, ;. i
Sagawa Y. and H. W. lsreai 1964 Pw:olhnauon ovulc developmem in "
: ‘ ) -
orchids. 1. Intrdduction. C.qyologxa 17:53-64. L % \



153

starchy endosperm. Can. J. Bot. 61:1206-1215.

Schaffner. J. H. 1901. A contribution to the life history and cytology of Erythronsum. Bot.
Gaz. 31:1{69:387.

Schnarf, K. 193(;. Contemporary undefstanding of embryo-sac development among
Angiospefms. Bot. Rev. 2:565-58S.

Schulz, P., and W. A. Jensen. 1971. Capsella embryogenesis: The chalazal poliferating tissue.
J. Celi Sci. 8:201-227.

Schulz, P.. and W. A. Jensen. 1973, Capsella embryogenesis: the central cell. J. Cell Sci.
12:741-763. . ¢

Schulz, P., and W. A. Jensen. 1974, Capsella embryogenesis: The development of the free
nuclear endosperm. Protoplasma 80;183-205.

Schulz, P., and W. A. Jensen. k1977...C0~tton embryogenesis: the early development of the free
nuclear endosperm. Amer. J. Bot. 64: 384-194,

Schulz, P., and W. A. Jensen. 1981. Pre-fertilization ovule development in Capsél/a:
Ultrastructure and ultracvtochemical localization of acid phosphatase in the meiocyte.
Protoplasma 107:27-45.

Schulz, P., and W. A. Jensen. 1986. Pre-fertilization ovule development in Capsella: the
dyad, tetrad, developing megaspore, andTy&o-nucleate gametophyte. Can. J. Bot.
64:875-884.

Schulz, S. R., and W. A. Jensen. 1968a. Capsella embryogenesis: the syncrg.ids before and
after fertilization. Amer. J. Bot. 55:541-55%. |

Schulz, S. R., and W. A. Jensen. 1968b. Capsel_‘f:z‘z‘embryogcnesis: The egg. zygote, and young
embryo. Amer. J. Bot. 55:807-819.

Schulz, S. R., and W. A. Jensen. 1969. Capse\lila embryogenesis: The suspensor and the basal
cell. Protoplasma 67:139-163. T | ’

Scott, J. E., and J. Dorling. 1965. Differential s(g_it;ing of acid glycosaminoglycans
(mucopolysaccharides) by alcian blue in salt solutions. Histochemie 5:221-233.

S?m'pson. B. B., and M. Conner-Ogorzaly. 1986. Economic Botany. Plants in our world.

.



154

w McGraw -Hill, Inc. New York.

Smith, B. W. 1956. Arachis hypogaea. Nbrmal megasporogenesis and syngamy with occasional
single fertilization. Amer. J. Bot. 43:81-89. |

Smith, F. H. 1942. Development of the gametophytes and fertilization in Camassia. Amer. J.
Bot. 29:657-663. '

Smith, F. H. 1943, Megagametophyte development of Clintonia. Bot. Gaz. 105:263-267.

Smith, M. M., and M. E. McCully. 1978. A critica! evaluation of the specificity of aniline
blue induced fluorescence. Protoplasma 95:229-254.

Southworth, D. 1971. I‘ncorporation of radivoactive precursors into developing pollen walls.
pages 115-120. In: Pollen: development and physiology. J. Heslop-Harrison, ed.,
Butterworth & Co., Lid., London.

Sp*xrr. A.R.1969. A lowﬂiscosil):poxy resin embedding medium for electron microscopy. J.
Ultrastruct. Res. 26:31-43.

Suther.land. J., and M. E. McCully. 1976. A note on the structural change§ in the walls of

p‘e'ricyclc cells initiating lateral root meristems in Zea mays. Can. J. Bot. 54:2083-2087.

Thiéry, J. P. 1967. Mise en evidence des polysaccharides sur coupes fin€s en ‘microscopie
290 .

electronique. J. Microscopie. 6:987-1018.
Thomas, P. L., & P. K. Isaac. 1967. An electron microscope study of intravacuolar bodies in
the uredia of wheat stem rust and in hyphae of other fungi. Can. J. Bot. 45:1473-1478.
Tilton, V.‘R. 1980. Hypostase development in Ornghogalum caudatum (Liliaceae) and notes
on other types of modifications in the chalajxr gﬁ angiosperm ovules. Can. J. Bot.

P P
58:2059 - 2066. Ay
s

Y

Tilton, V. R. 1981a. Ovule development inwOrnithogalum caudatum (Liliaceae) with a review
of selected papers on Angiosperm reﬁfqducu’on. I1. Megasporogenesis. New. Phytol.
88:459-476. ,

Tilton, V. R. 1981b. Ovule development in Ornithogalum caudatwn (Liliaceae) with a review
of selected papers on Angiosperm reproduction. IV. Egg apparatus structure and

function. New Phytol. 88:505-531.

-

»



135

Tilton, V. R.,and H. L. Mogensep. 1979. Ultrastructural aspects of the ovule of Agave
parryi before fertilization. Phytomorph. 29:338-350.

Tilton. V. R.. R. G. Palmer, and L. E. Wilcox. 1983. The female reproductive system in

- soybeans Glycine max. (L.) Mer1. (Leguminosae). pages 35-37. In: Fertilization and
embryogenesis in ovulated plants. O. Erdelska, ed. Proceedings of the VII. International
Cytoembryological Symposium. June, 1982. ‘

Tilton, V. R., L. E. Wilcox, and R. G. Palmer. 1984. Postfertilization wandlabrinthe
formation and function in the central cell of soybean, Glycine max (L.) Merr.
(Leguminosae). Bot. Gaz. 145:334-339.

Tiwari, S. C. 1983. The hypostase in 'Toreru'a fournieri Lind.: a histochemical study of the cell
walls. Ann. Bot. 51:17-26.

van der Pluijm, J. E. 1964. An electron microscopic investigation of the filiform apparatus n
the embrvo sac of Torenia fourniéri. pages 8-16. In: Pollen physiology and fertilization.
K. F. Linskens, ed., North-Holland Publishing Co., A‘mslcrdam.

van Went, J. L. 1970a. The ultrastructure of the synergids of Petunia. Acta. Bot. Neerl. -
19:121-132.

van Went, J. L. 1970b. The uitrastructure of the egg and central cell of Petunia. Acta Bot. |
Neerl. 19:313-322.

van Went, J. L. 1970c. The ultrastructure of the fertilized embryo sac of Petunia. Acta Bot.
Neerl. 19:468-480.

van Went, J. L., and M. T. M. Willemse. 1984. Fertilization. pages 273-317. In: Embryology
of Angiosperms. B. M. Johri, ed., Springer-Verlag, New York.

Venable, J. H.. and R. Coggeshall. 1965. A simplified lead citrate stain for use in electron
microscopy. J. Cell Biol. 25:407.

Vijayaraghavan, M. R., W. A. Jensen, and M. F. Ashton. 1972. Synergids of Aquilegia
formosa - their histochemistry and ultrastructure. Phytomorphology 22:144-159. |

Wardlaw, C. W. 1955. Embryogenesis in plants. Methuen & Co. Lid., London.

Weatherwax, P. 1919. Gametogenesis and fecundation in Zea mays as the basis of xenia and



156

e
heredity in the endosperm. Bull. Torrey Bot. Club 46:73-90. pl. 6-7.

Weinstein, A. 1. 1926. Cytological studies of Phaseolus vulgaris. Amer. J. Bol. 13:248-263.

Willemse, M. T. M., and J. Bednara. 1979. Polarity during megasporogenesis in Gasteria
verrucosa. Phytomorph. 29:156-165.

Willemse. M. T. M., and R. N. Kapil. 1981. Antipodals of Gasteria verrucosa (Liliaceae) -
an ultrastructural study. Acta Bot. Neerl. 30:25-32. P

Willemsc,. M. T. M. and J. L. van Went. 1984. The female gafhetophyte. pages 159-196. In:
Embryology of Angiosperms. B. M. Johri, ed., Springer-Verlag, New York.

Wilms, H. J. 1981. Ultrastructure of the developing embryo sac of spinach. Acta Bot. Neerl.
30:75799.

Wood, P. J. 198Q. Specificity in the interaction of direct dyes with polysaccharides.::
Carbohydrate Res. 85:271-287.

Woodcock, C. L. F.. and P. R. Bell. 1968. Features of the ultrastructure of the female
gametophyte of Myosurus minimus. J. Ultra. Res. 22:546-563.

Woodland. P. S. 1964. The floral morphology and embryology of Themeda australis (R.Br.)

tapl. Aust. J. Bol. 12:157-172.

yamada, N.. M. Nagano, S. Murakami, M. Ikeuchi, E. Oho, N. Baba, K. Kanaya. and M.
Osumi. 1983. Preparation for observation of fine structure of biological specimens by
high-resolution SEM. J. Electron Microsc. 32:321-330.

Yeung, E. C. 1980. Embryogeny of Phaseolus: the role of the suspensor. Z. Pflanzenphysiol.
Bd. 96:17-28.

Yeung, E. C. 1984. Histological and histochemical staining .procedurcs. Pages 689-697. In: 1.
K. Vasil, ed.. Cell culture and somatic cell genetics of plants, Vol. 1. Academic Press, Inc.
New York. \

Yeung, E. C.. and M. E. Clutter. 1978. Embryogeny of Phaseolus coccineus: growth and
microanatomy. Protoplasma 94:19-40. '

Yeung, E. C.. and M. E. Clutter. 1979. Embryogeny of Phaseolus coccineus: the

ultrastructure and development of the suspensor. Can. J. Bot. 57:120-136.



157

Yoo. Y. B.. and M. J. Chrispeels. 1980. The origin of protein bodies in developing soybean
[ 4

cotyledons: a proposal. Protoplasma 103:201 -204.



