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s . Abstract
The - Megagametophyte ot Plumbago zeylsnicé L - Fmamﬁa:eae

lebagmoldue‘ lackng syncrgvds is among tre most highly reﬂuced in flo.erns

plants Tho female gsmetcphyte consists of f:vg celis a large viéuﬁls‘té egc

8 micropylar filiform appantus and chﬂually s:tuated nucieus, 2 'vacuoiate

cell with fused polar naclec directly opposite the egg " nucleus. an

acbesiory celis (one chalazal E!" and two lateral cellss which may o= - e

PO

.prlor to fertilization or persnst nto early Uﬁbryageﬁy

=
The m«crogametophyte is argamzed into three celis at jlar:' an™e, 0
-co'nnected spindle-shaped sperm cells, and ; vegeta’twe cell witr ar e
polymorphic. lobed nucleus A projection of one of V(hefspe'rm . =
around the vegetative nucieus. lyng i [ndentations “or its surface e _
the structurai bas‘as of an association b \ween the sperm ;énd vegetat
which 1s observed throughout pollen mbe_ rowth Absolute counts c- Iee =

content are given for eleven pars of sperm cells The associatea spe-m.

&

. possesses the majority “of " the —.E\i!@é‘h@ﬁﬂﬂi and rerely contans “plastids whereas

the, other sperm cell has 'numerous plastids The basns for *hus asvmmgifnaél

dcstr'butoon of, hemabie Ofganenas 15 apparently astabhshaﬂ prior to gcﬁri*lve c&'l

division - L=

~ Pollen tube growth s vnit,t:ated!?; within 15 mimtes of p@llmhﬁm After
pen'étratmg' the stigmatic surface. the tuée grows ~exclusivelv between the
thack walled celis of the transmitting tssue in the lower stigma and style The'
tube enters the ovuie through a micropyle formed by the inner intagument,
displaces severa! nuccllar cells. and pcngtrﬂes the megagimgtaphy'te tﬁraugh the
egg's filiform apparatus It comlnuas to_grow bgtwaen the egg and central cell
'

'untit reaching an area of strong curvature in the egg wali. 70-80 um deep in

the megagametophyte. approximately 85 br foliqwing pollingtion. where a terminal:

aperture forms and the two sperm cells, vegetative nucleus.and a Imited amount

of ‘polien cytoplasm are released Components of the egg cell wall are d»srupteﬂ

near the tube aperture. and the disappearance of the inner and outer vegetative

cell membrane and the sperm ?gll wall results m the plasma membrane of <he

iv
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 sperm becoming tughtly appressed to that of the egg and central celis.

Glfﬂgte fusion -is mpren:ﬂy mitiated at one location in each of the mﬂ-ﬂ
resultng in transmission of spgrm nucle: into the egg jand central cells Memhrme
fusion evems appeaar 1o ne completed at” addilicnal sites as well as ev:ﬂenced

by the transmnt pFES:iI’“!,;E/ of identifiable sperm membranes within cells of the

farmale gﬂetaphyte Foliowing gamete fusion. remnant sperm mgrﬁbraﬁgs mn the .

egg iﬁd central cell rapidly “vesiculate and may .not be detected after several
rmm;n;as have elapsed Triném:ttéd heritable sperm organelies may be idettified n

and central cells. Morphological differences in plastid Struetu’a sllow mg

rrdnntufncahan of male plasuds n the.egg drectly. and staustically significant size

differences between sperm mitochondria and those of other cells in the male

.and female gametophyte permit sperm mutééhaﬁdﬂa n the centrat cell to be

differentiated on a populatonal basis soon lﬁer gamete fusion The trmmg  of

‘these Qbsewatnans relative tc: gamete fusu:m the -distance of sperm‘inuslen from

ther respective target nuEIEL and the ‘Ieﬁatnen of mitermondria  and plastids

. flankmg the sperm nucler corroborate the nterpretation concerning paternal origin

of these organelles Organelies withn unfsed cytoplas? ~podies observed,
between the egg and central cell are similar to those in t sperm _and

_ presufnabty ragresant 5egmgnts of the sperm t:e!! which become separated from
the Fﬁamﬁsperm cell bddy near gamete discharge The process of nuclear fusion,
initiated -approximately 87 hr after polination, s stmilar, to that in other
‘ahgiogperm taxa described to ‘date L

In terms of structure and function, the egg of Fu Zeylanica may be
regarded as a single-celied egg a;:vpar:m;, with F;uﬁ_'lgféus JYﬁQngd structures *and
functions transferred to the egg Unike the typical ’syﬁgrgndi however. - the Egg
does not directly recerve ﬁcp_aileﬁ' tube or undergo degenerative changes as a
result of polien tube arrival, and functions. as a gamete i the astﬁ'ﬁshmaﬁt of
the embryo The implications of asymmetrical distribution of heritable organelles in
the sperm are not yet fully explored. but suggest the possiblity of ga-ﬁgtic
recognition with conservation of sperm plastids within the embryo
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I. Introduction _

In her Systemstic Embryalaéy éf the Aﬁgimpérm’s:; Davis ‘(1965') refers to
some 5500 separate studies in summarzing the state of ow knowledge
Eénegmiﬁg the structure and variability of the gg:%ggtaphyte in fléwaring plants
Undoubtedly, there w;re numerous publicstions which she could have cited but
did not. and many more publications have lppwed since Arﬁﬁlﬁé these published

-

works, far fewer sigdies concern prﬁgbl‘gms dealing with the basic biology and
r;,,étufe of sexual. reproduction In angiosperms (as separated from taxonomic
embryology). As more careful recent work has indicsted. only during the last
twenty y‘nr’s;— has thé’ p}ac’:ass of sexual rgprm;ctnaﬁ n :néimpsrms beeh
understood more clearly. To a large degree, the development gf' our knowledge
has remaned closely linked to the development of new techniques

Earty workers in the fieid of gr!tsryélagy wera hampered by severe
technical problems, including those problems inherent in using cleared ovules to
visuslize cells and nuclei involved in sexual reproduction. Near the turn of the
century, techniques irg'pm\'zad and with the advent of p_-rafﬁﬁ microtomy the
embryological literature burgeoned. Eeiz:k;gists turned. to improved methods of
fixation, but in retrospect the types of image that proved aesthetically pleasing
usually involved the use of éaagulanvg fixatives which resuited In only the
nucleus being well-preserved in the ‘“acid” fixation image and only the
‘chondrioma” and cytoplasm baing waell-preserved in the “basic’ ﬁxati:;m image
The rest aof the fﬂatar;al‘ was typically coagulated or often lost in solutions
Fixativas ﬂmih:v’e later proved to be mportant osmium, giutaraldehyde and a
varisty of others, were rg)éct:d becsuse the trssue proved too dense for
effective observation after paraffin microtomy. In reality the material was often
too well preserved by these fixatives, rendering material too dense for easy
observation This limitation was particularly important when the embryological
convention of sectioning megagametophytic i:ﬂatgriai‘ at 12 to 30 um was
foliowed. Johansen (1940) admonished researchers who used .sections as thin as
5 um in studies on megsgametogenesis because it led to problems” in interpreting
the embryo sac. : . ' :
-]
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Adherence to t;ae use of the early paraffin technology was not W‘lﬂﬁl.ﬂ
M However. despite primitive tachiques several axly ideas _concerning’ the
role of the 'synergidae’ lQ;?ucieﬁ that thay may ‘receive th; polien—tube and act
as carriers of its inf‘lqenc'e‘ to the pollen tube’ (Ward. 1880). Further information
from paraff‘-\ hustoloéy suggested the occurrence of at least four aiternative
pathways for the arrival of the polien tube (Masheshwari 1950) and on the basis
of electron microscopy. it has been possible to confirm that two of these
 pathways ocowr in vivo in flowering piants. Recent electron microscopic work'
has revesied only a ;wigle pathway m angiosperms with normal egg apparati.

The careful light microscopic works of Finn aﬁc{ Wylie. among Gthers,
-advanced embryological knowledge of the male gamete's role in fertihzation during
the first haif of the twentieth century. but a number of dogmatic misconcaptions
have accumulated despite therr work. The cellular nature of the sperm ceil has
represented such a source - of controversy The apparent .origin  of this

conception was in a paper published by Nawashin (1909 50 after his

, ) <
discovery of double fertilization His Saim that the sperm existed as free nucile,

not as cells has remained dogma. his Elair’ﬁ’ that differences in the size of the
two sperm nuclei were the basis for gametic recognition (g. that the individual
male gamete which will fuse with the egg can be identified before gamate
fusion) has remamned ignored Finn. who Eé"ﬂb:ﬂ‘!ted- on one of Nawashin's
papers on the natwre of the sperm (Nawashin and Finn, 1913) iater reexamined
the nature of the male gamete in some of the same taxa he had studied
previously. and concluded by contradicting his early findings He reported (Finn,
1925, 1935) that sperm are not only formed as cells from the mception of the
generative cell during microspore division, but that the male gamete rer;ainf—
celiuiar oven after discharge of the pollen tube nto the embryo sac. This Iatter
* result hls) been corroborated on numerous occasions using electron microscopy
(see Russell.md\ €ass, 1981a for a review)

' Predictably,. the faste of the mconspicuous male cytoplasm during
subsequent fertilization is also conhtroversial Possibly the earliest account on male

cytoplasmic transmission was one by Straséurggr {(1884) which stated that male



, ]

“cytoplasm was not iwolved in the process of fertiization The careful work .of
~Wylie (1923, 1941 vﬂsm the first sccounts to report the transmission of
sperm cytoplasm into the egg and. central cell Although often crted. s
conclusion that male cyloplasmic , transmission cer;m;s B’ES not g.mned wide
acceptance among embryologists. Electron microscopic  studies ﬁ:vi tended to
gmpm the contention that most f not all male Eytépla’sm i:s shed prior to
gamete fusion (Jensen and Fisher, 1968a. Went, 1970. Wims, 1981) but c:mly
Jensen and Fisher have provided Convincing electron micrographs to substantiste
the concept that male cytoplasm is not transmitted iﬁtcﬁji the er’ﬂb%yg and
endosperm (Jensen and Fisher, 1967, 1968a Fisher and Jensen 1969
Prelimmnary work with P/umbago zeyl.gnigai‘his provided evidence which would
support the occurrence of male Cytoplasmic transmussion during gamete fusion
(Russell, 1980) ' x

In recent studies, the use of electron microscopy coordinated with the
use of analytical hgrrt ‘microscopy has provided important iﬁf’tf:fm!tiéﬁu which has
extendead au: knowledge of ‘d:g_a behavior and function of - the physically
inaccessible éeus of the female gametophyte. in fact our knowledge concerning
the sexual function of the normal, female gametophyte in vivo, which typically
‘occurs deep within the owvular tissues. has depended on the use- of such
techniques. Data which these anatomical studies pre\ngg has often been inferential.
but when the series of detailed developmental stages cohstituting our knowledge
of sexual reproduction are viewed analyticslly, considersble data is provided about
processes that cannot presently be directly observed The possiblities of
extanding one's kﬂﬂw'édgg of these processes depended on developing and
applying a number of techniques to each problem, comparing similar sexusl or
gametophytic  strategies in  diverse plants, and thoroughly Understanding
reproduction in the selected plant

The present study concerns sexual ngradu;:ticm and fertilization in the
flowering plant, Plumbago . zey/anica, a plant which has been extensively studied

with respect to embryo sac organization at the light microscopic level and

orgatwzation of the egg at the electron microscopic  level The primary .~



contributions of the present study to ouwr understanding of the reproductive
biology of P. zey/anica relate to the cellular organization and behavior of the
male gametophyte arrival and entry of the polien tube into the embryo sac. and
the processes of gamate fusion and double_  fertdization. In order to reduce
possibiities of misinterpretation and the selsction of abnormally functioning
embryo sacs. a detailed chronology of reproduction was constructed on the
basis of artficial polination of plants under controlled conditions This chronology
permitted the repetiton of varous stages of -reproduction for experimental

manipulation.

A. Studies in the family Plumbaginscess’

The family Plumbagmacese Juss to which P. zey/anice is allied. has been
the subjéct .of numerous systematic and embfyc:iégu:al studies over the yaaré
The family; Is considered ‘advanced” mn recent systematic treatments of the
angiosperms (Stebbing, 1974 Takhta;an,' 1980) and this conclusion is supported
by embryological data Members of “the family have pentamerous sympatalous
floworvs with connate. calices and staminate filaments adnate to the corolla The
gynoecium is organizéd into a five-lobed stigma, fusing proximally to form the
style. and an uniloculate ovary with a single ovule

The mode of development and orientation of the ovule is consistent within
the family, and is unique except for its occurrence in the Cactacese During the
inception of the integuments, the ovule 1s directed upwards, but iater unequsl
growth in the funiculus results in a 360° rotation in the orientation of the ovule:
it becomes oriented upright again only near the end of its development This
type of development 1s described as bemg ‘cirrcintropous’ (Haupt 1934) and
results n the ovule being wrapped once around by the long funiculus which
partially occludes the micropyle The late encroachment of transmitting tissue into
the locule results in the formation of an “obturator which pressas transmitting
tissue to the owvuie near the micropyle. The gynoecum tissues are organized
into a closed style with a contiguous tract of spgci:lizid transmitting tissue

extending from the stigmatic lobes to the summit of the ovary
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The femasle gametophyte is tetrasporic, in origin, lacking in the formation
of discrete celiular megaspores The male gametophyte is usually trmucleste at
anthasis with sperm cells formed prior to pollination and pollen tube growth

The floral and anatomical characteristics mentioned herein are widely
regarded as derived character states wittin the angiosperms. The. presence of a
dmorphic floral incompatibili
o subfamilies of the Piumbaginacese. namely the

some taxa of the family s a derived

system
genetic feature The t
Staticoideae and the [Plumbsginoidese, are distinguished largely on polien
morphotog-cu futu;s, as well as differences in vegetstive and floral
morphology. and are {lso separated by differences in the orgamzation of the

female gametophyte

B. Subfamily Staticoideae

The subfamily Staticoideae i1s by far the better represented subfamily,
containing over 300 species in 12 genera It is separated smbryologically from
the Plumbaginoidese manly by the presence of dimorphic pollen grains and the
presence of unreduced or only sligtly reduced female gametophytes with
conventional egg apparat:. consustmg' of two synergids and the egg In the male
gametophyte. pollen grains originating from “pin" plants, where the style s
exerted further than the anthers. tend to have an exine surface which is
somewhat rugose, whereas those originating from “thrum’ plants, which have
flowers where the anthers are exerted farther than the stigmas, tend to have 3
smoother exine surface. The differing .morphoiofies of stigmatic cells n pin and
thrum plants abpoar to result in preferential adherence of compatiblie polien
grains on their resboctivé? stigmas (deergur 1975). The " occurrence of pin and
thrum plants in the Piumbaginaceae ‘is believed to represent a morphological
adsptstion :o conserve pollen in a genstically-based salfgincm:tibilityésystam
(Baker. 1948)

Embryo sac ontogeny in the Staticoideae, despite much Study (Tabla 1), s

still controversial Members of this subfamily often may have a mwnor reduction

of the embryo sac. particularly “strike’. or non-division, of the antipodal nucle:
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during iste megagametogenesis In ali. four different types of !ntrya 8C
oftogeny have baan reported in the Staticoidese. and up to two different types
have been reported n the same taxon (Table 1)

lumbagnoidese is a2 cosmopolitan. famidy of warm, dry

regions and contans at least 24 species in four genera It i1s separated from the
Suticoideas by the presence of monomorphic pollen grans and highly reduced
fernale .gsmetophytes Pohen grans of taxa in the Plumbaginoideae a—é beleved to
be maﬁt:merphac N structure, regardiess of floral morphology. but m
Dyerophytum indz‘c;m differences are wvisible at the electron microscope level

Erdtmann, 1970) and may be present in other taxa of the Plumba as
well The presence of pin and thrum flowers has been reported in three of the
four genera of the Plumbaginoidese VZP{umbagg L. Ceratostigma Bunge, and
Dyerophytum Kuntze (=Voge/ia Lam)

The embryo sac is constituted by ;wa different developmental patterns in
the Plumbaginoidese (Table 2) which differ slightly in their ontogeny, but
presumably function identically during fertiliZation In Ceratostigma Dyerophytum,
and Plumbsgo. the meiocyte nucieus divides into four megaspore nuclei which
become aligned in a cruciate fashion and divide to form eight nucle: and five
cells. Four polar nuclei occupy the center of the embryo sac. The remaining
nuclei become incorporated into cells which retain a c:rL:Eiata distribution  within
the embryo sac. The cell locsted at the micropyle becomes the egg the
remaining cells constitute the 'm’—cangd lateral and antipodal cells (Haupt, 15.‘321;
Dlhbg*-n 1937). The four nuciei m the central cell fuse prior to embryo sac
maturity to form a 4N "secondsry nucleus.” a ,

P Plumbage//a Spach, a monotypic genus, differs slightly wyth respect to
embryo sac ontogeny After the four, cruciate megaspore nuclei “are formed.
three of the nuclei fuse. The single IN and 3N nuciei divide once asgen with
subsequent cltokinesis resulting in the formation of an ®g7 with a IN nucleus st

the micropyipr end of the ovule and a single antipodal cell with a 3N nucleus at

4
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hmﬂafham;ﬂﬁtwérmfrumfugtafarmam
central cell nucleus prior to embryo sac maturity Dahigren, 1916 . Fageriind,
1938a. Boyes. 1939b).



Il. Matarisls snd Maethods
Plants of Plumbago zeylanica L have been mamtained under long-day
‘conditions in University of Albefta greenhouses since 1972 and are the same
plants and clones of those used by Cass and Karas (1974) Unlike many other
- members of the Plumbaginoidese (Baker. 1948) P. zeylanica lacks a

(over 97% seed set) Under these conditions, the plants have thrivad and
produced large numbers of flowers throughout the vear -

A. Chemicsl fixstion 7

C’hgfﬁn;al?y prepared trssue ' was routinely  fixed '6-12 m in 3%
glutaraidenyde~M/15 phosphate buffer (pH 68) at 4°C. rinsed briefly in buffer,
and " postfixed in cold 2% buffered osmium tetroxide Materisl was then
dehyorated in a graded ethanol series foliowed by propylenea oxide and
embedded n low wséasity rasin (Spurr, 1989) N

W order to :émpara the effect of differant chemical fixatives on sperm
cell wall preservation, the éaﬂgwiﬁg procedures were employed. n addition. on
" pollen grams collected st anthesis i) 1-1/2 hr fixation n 3% glutaraidehyde with
diaﬁ'iiﬁc.';;l:m;:hzidme (2 mg/5 mi buffer) in 0.05 M propandiol buffer pH 90
(Frederick and Newcomb, 1969), rinsed briefly in buffer. and fixed In (:sr'n;w,ﬁ
tetroxide as described above: il 3 hr fixation in 3% glutaraidehyde—3%
paratormaidehyde (Karnovsky, 1965) in phosphate buffer (M 6.8) rinsed. and
fixed n osmium tetroxide as described ﬁava. w2 hr fixation in unbuffered
potassium permanganate. Al materisis were then dehydrated and embedded
according to procedures outlined above Among the chemical fixatives used
sperms fixed in standerd ghitaraidehyde snd osmium appeared the least sitered by
prepacation. Except as noted. all chemically fixed material illustrated in this study

was prepsred according to the: first procedure
_ T

10
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B. Physical fixation _ ]

Material for physical fixstion was mmersed in. an iIsopentane— 12%
ethyicyciohexane solution cooled in a bath of liquid mitrogen. transferred to
metano! at dry ice temperatures. and dehydrated in several changes of absolte
methanol at -50°C (Jensen. 1962) After several days the material was slowly
warmed. transferred to pv’ropylene oxide at room temperature. and embedded in

fow viscosity resin

C. Specimen preperstion _
Ultrathin  sections were routinely cut wusing a Re;cheff oM U2
" ultramicrotome and collected on uncoatéd nickel or goid grids. Sélectgd stages m
pollen tube growth and gamete deposition were first thick—-sectioned,
photographed using Nomarski interference optics. and then reembedded for
uitrathin sectiomng according to the technique described by Mogensen (1971)
. Sections were stained using 2% uranyl acetate in 45% ethanol followkd by 0.2%
lead citrate (Venable and Coggeshall. 1965)-. or by subjecting material mounted on
goid grids to the periodic acid-thiocarbohydrazide-silver proteinate (PA-TCH-SP)
reaction (Thiery. 1967), with 30 min oxidation in 1% periodic acid, 6 h in 0.2%
thiocarbohydrazide, n 20% acetic acid, and 30 min 1n 1% silver protemnate
solution. . ® )
Sections for light microscopic examination were sectioned at 05 to 25§
um using glass knives. dried on autoradiography siides (Jensen, 1962) and
mounted in glycerine with 2% phenol Selected sections were stained using the
Periodic acid-Schiff's reaction (PAS) for insoluble c‘afbohydrates {Jensen, 1962),
aniline blue-black (ABB) for proteins (Fisher, 1968), and the Feuigen reaction for
nucleic acids (Jensen, 1962) Sections were observed with a  Zsiss
Photomicroscope | usmng brightfieid. phase contrast. and -Nomcrski nterference

contrast microscopy.



D. ‘urvnion of isolsted, living sperm cells !

lsdated living sperm cells were examined by releasing the contents of
mature pollen grans N a polien tube growth medium zﬁd observing them in
| Nomarsk: mterference optics The sucrose content of the medium was adjusted
so that sperm cell volume remained constant throughout the 30 min observation
period (Cass, 1973) Sperm cells which displayed :ﬂéphsﬁ: activity were
photogaphea'with a Zeiss Photormcroscope | at 2 to 5 min intervals durng the
observation period »

-3

E. Serial reconstruction and quantitative cytology of sperm celis

Serial ultrathin sections of cheamically-fixed pollen grains were collected
using naked slot grids. transferred on the surfice of a drop of water, and
mounted on Formvar-coated slot grids (’Gateg and Nilsson. 1966 Serml sections
containing sperm cells were numbered consecutively- photographed n the eslectron
microscope, and printed at the same magnification Each spe:mn block sectioned
contaned at least 10 pollen grans. the specimen! block used for the majority of
the organelle counts contained over fifty polien grains which were sg&tné;d
'simuhanec;usly. The quantitative content of ofganelles was determined by counting
only the’ single median section of eagh ‘a;ggrallg. When a single saction or
maximum of two sections were unavailalfle suzrounding sections wgré‘sc:mé! n
order to determine whether any median sections of organelles were lost. series
in wh;ch three or more consecutive sections were not ;v;if:tﬂg were not used
Mitochondria were the smallest organelles. measuring typu;ﬂly 02% to 0.30 n}
The average section thickness (0.06 to 010 uml provided that each organelie
was represented in at least three sections

in order to determine the length of the sperm projection, a
two-dimensional line was piotted over the center of the sperm projaction using
a plastic overlay At bends in the line. points were plotted and the section
Wcmwmnﬁﬂncmafhmganemﬂmmm
recorded. Average section thickness was determined by measuring the damaeter

of the sperm nucleolus (assumed to be sphericall and dividing by the number of



sections in which the nucleolus penetrated the section. The distance and héiéﬁt
between two adjacent points on the line was converted into micrometers and

Tecorded The total length of the sperm projection was then caiculated "as the

F. Statistical trestment of mitochondrial dimensions e
Mitochondriai dimansions as observed on printed electron micrographs with
': minimum  final rr:ggﬁnf:catnén of X 5800 were measured using a caliper
measuring device accurste to 005 mm The greatest mitochondrial width, as
measwred in near—-median sections of mitochondria, was selected as the most
reliably measured dimensional parameter since it was less likely to be influenced
by ﬂfngngn and was easly reproducible. Onlp mitochondria whose

membranes  were clearly seen in cross section were measured. since these

used for each .populstion of mitochondria. no mitochondrion was rﬁagsu'd more
than onte Mitochondria were measured in six cells of origin within sperm cells
within inactive pollen grains and g_*c:;wing tubes near the ovule in the pollen grain
and growing polien tube, in the egg and in the central cell Two additional
‘classes were constructed for mitochondria of unknown origin.  including
mﬂadiandr;i located within 0.5 um of the sperm nucleus soon after .gamete
fusion and in cytoplasmic bodies located between the egg and central géll after
gamets fusion Descriptive statstics. an snalysis of variance, and Students t
comparison of the means and popuistionsl varisnces were conducted between ail

of the populations measured



. Sperm Ultrastructure: General Cytology snd Associstion with Vegetstive
L
Nucleus!

A. iIntroduction . —
in flowering piants. small nonmotile male gametes fulfill the essential and
higf:ly specialized roles of fertilization and endosperm initiation Apparently passive
cells, the sperms are structurally simple; yet their nuclear content determines half
of the hereditary makeup of the embryo and ther :ytapfasmig content often
plays a significant part in cytoplasmic inheritance in the embryo. Determination of
patterns of cytoplasmic mheritance are tlearly nfluenced by sortmg patterns and
competition between organelies during generative cell formation (Hagemann, 1976)
and maturation (Clauhs and Grun. 1977). yet few reports specifically concern the
descendent sperm cells which actually participate in double fertilization As
knowledge of male cytoplasmic inheritance in angiosperms expands. it has
- Qecome ‘evident that a graater understanding of sperm cytology s necessary on-
both genetic and embryological grounds.
The earliest and most striking evidence for ;th&ziggg::urrgﬁe;a of maie
. Cytoplasmic inheritance in angiosperms waere independent ,r'gp;?ts in 1909 that

=,

plastids, in particular, may foliow non-Mendelian patterns of inhacitance in

Mirabilis and Pelargonium n the former plant, Correns (1909)
exclusively maternal patterns of plastid inheritance, in the latter., Baur
reported biparental patterns of plastid inheritance resulting in variegated paft;rns
during leaf development (see reviews by‘ Grun, 1976, Gillham, 1978). The
complement;y information provided by the work of Correns and E-ur establishad
the basis for extensive research using plastid mutants to follow lines of male
inheritance (Hagemann, 1976). Although no genetic evidence sxists for any zygotic

given class of male (or female) cytoplasmic organelles (Hagemann, 1976). to the

'This chapter originally appeared in Protoplasma ;ntitlec(. "Ultrastructure of the
Sperms of Plumbago zeylanica 1. Cytology and Association with the Vegetative
Nucleus,” ¢1981 by Springer-Verlag. Vienna This chapter is reproduced herein by
permission of Springer-Verlag and may not be reproduced elsswhere without
their permussion

14
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best of my knowledge this has been directly examined only in the case of
plastid inheritance in Oenothera ézy-thrasetp.j/a Meyer and Stubbe, 1974) Direct
observations of sperm organelle structure in pdlien grafis and during tube growth
may provide mformation on whether specific Qrg;ﬂellas or classes of organelies
undergo afterations in ultrastructure which could affect therr visbility i t s
expected that ki:v;»wlgdge of the types and relstive proportion of organelles
inthin sperms of' Plumbago zey/anica may aid in predicting ther transmssibility
into the zygots apd the possibility of their inheritance in the next generstion
Certain embryological ldapmngﬁé which may facilitate the passage of
sperms within thé pollen tube and_their subsequent transmission into the embryo
and sndosperm have remained virtually unstudied, as have the specific structural
' changes required for gametic transmission The prevaient assumption that sperms
within pollen tubes travel independently of the sperms and vegetative nucleus
(Maheshwari. 1949] does not appsar to apply in P. zey/anica In this plant. the
association of the sperms and vegetative nucieus may represent an adaptation to
‘;romote the passage of the sperms from the stigma to the embryo sac One
published work has reported detailed observations of sperm ultrasﬁ*u;:turg during
pollen tube passage (Jensen and Fisher, 1968bl The specific structural changes,
if any. required for sperms to fuse with the egg and central cell have been
postuiated. but are yet to be described from direct ultrastructural observation
Additional embryological issues which may influence the transmission of male
cytoptasm, including differences between paired sperm cells and the possibie
non-transmission of %ome sperm cyiapl;sm are the subjects of continuing
research Contrary to published literature (Maheshwari, 1949, Jensen and Fisher,
1968b; Cass, 1973) the two sperms of P/umbago appear to Plter in cell
volume., however, the biological significance of this observation rama-ng unknown,
The (Pecpnt study describes sperm cytology and structural relationships in
pollen grains and tubes of P. zey/anica using hght and electron microscopy of

chemicslly snd physically fixed tissues. and Nomarski interference microscopy of

because of the structural simplicity of its embryo sac. reported previously in

.
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Cass and Karas (1974) and Russell and Cass (198 1b) The embryo sac of this
plant functions withougdilllFqids- and instead the pollen tube feleases male

gametes directly befw the egg and centrai cells Russell, 1980) For this
reason, P/umbago is particularly suitable for studying the structural basis of male
cytoplasmic inhertance in angiosperms and determining the fate of the male

fertiization The present study represents

cytoplasm during the process of daubl
the first part undertaken in such amr mvektgation -
B. Obsarvstions i
Ultrastructure within the mature polilen gri‘iﬁ
Sperm cell organizations |

‘Mature  pollen grains of P. zeyl/anica each contain two roughly
spindie—shapad maleﬁ gametes which are delmited by the sperm plasma
membrane, Ja rudimentary cell wall. and enclosed together within an mternal
polien plasma membrade These sperms are derived from the same generativa
cell and share a Egmm@ﬁ: transverse cell wall but differ significantly with
respect to ther morphoiogy. The male gamete immedistely adjscent to the
vegetative rix;laus has 2 long slender (usually <1 um wide) projection which
wraps around the periphery and occupies embayments of the vegetative nucleus;
the other male gamete has a short free end projecting into vegetative
cytoplasm. In one sperm cell, reconstructed from serial uit}:tﬁiﬁ sactions, this
projection reached a length of 30 um (Fig 11) while the other sperm cell inot
shown) was only 8 um long

Both sperm cells contain a normal complement of organelies, the majority
of which are clustered nesr the nucleus in the widest part of the cell (Fig 1,
4 5 12) The sperm cells obsdrved contsin numerous mitochondria, ﬁlast’icjs,
endoplasmic reticulum (BR). dictyosomes. vesicles, and small vacuoles Nuclei are
elongate (about 3 by 6 uml with numerous pores in the nuciear envelope (Fig
5) A nucleolus is typically present in the nucleus and although small (approx 1
um). it is readily identifiable i light microscopic preparations (Fig 15 18)

Nuclear chromatin is only shghtly condensed (Fig 12)



Figs. 1-2: Electron micrographs of chemically fixed mature polien grains.

Fig. t

Fig. 2:

Electron mucrograph of two chemically-fixed sperm cells in longisection.
Lobes of the vegetative nucieus (VN) ensheath part of the sperm cell (S
at a number of locations (black arrowheads! Endoplasmic reticulum is
found near the outer surface of the sperm (white arrowheads) X 14 800.

Electron micrograph of junction between two chemicaily-fixed sperm celis
formed by the presence of a common vesiculste cell wall (cw) and
plasmodesmata (srrowheads) Mitochondrion (m) is located in  polien
cytoplasm. X 53,100
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snd are spheroidsl to ellipsoidal n shape possessing asrrow but well-developed -
cristae (Fig 5) Plastids (Fig 3. 4) are larger than mitochondria. and their stromata
qre electron dense i uramum and lead stmﬁéd mater.al éhstids contan a number
of rudimentary Iameliae. internal vesicles. ribosomes. and  occasionally,
paracrystalline structures in ther stromata Fig 4 and inset. Paracrystaliine
structures hke these have been found within immature and senescent plastids n
somstic tissues and are blhl\!id to be composed of accumuisted enzymes or
ferritin Toyama, 1980; Mitochondria mnd plastids are often found in clusters
composed amost exclusively of either mitochondria (Fig 5) or plastids Fig 4),
and the two are rarely seen together in a given thin section .of sperm cell. (An
exception can be ssen n Fig 3) An a5 vyet umdentified class of
single-membrane' bound organelles was occasionally seen in  association with
plastds (Fig 3 4. uniabeled arrows) These bodies could represent either
eloctron-dons? vesicles or microbodies. Microbodwes. aithough rare n ﬂ@am
gametophytes. have been reported n the female gametophyte of P. zey/anica
(Cass and Karas, 1974) ~

Sperm cell dictyosomes are abundant weli-developeqy and possess
Wrws cisternse, with clear vesicles present near the maturing face of the
dictyosome. Occasionally. an apparently anastomosing network of tubulsr ER is
seen‘near dictyosomes (Fig 5. Lamellsr cisternae of ER occur as isolsted

segments st the periphery of the cell but are rarely well deveioped (Fig- 5 11

In freezé-substituted materisl Fig 8-10). dictyosomes some vesicles ER, mé’ﬁf\g

sperm cell wall are all staned by the PA-TCH-SP reaction

A rudimentasry cell wall appears to surround the sperms in chemically (Fig
2) and physically fixed pollen grains (Fig 6. 7. uniabelied arrows) In chemically
fixed tissues, the cell wall varies from 01 to 0.2 um in thickness and contains
numerous vesicles Polysaccharides were poorly staned by the PA-TCH-SP
reaction in chemically fixed tssues (Fig 3. compare with Fig 2. prepsred without
PA). In contrast, freeze-substituted sperms have narrower cell walls 005 to 01

um wide with vesicles restricted to the segment of wall shared by the two



Figs. 3-5: Electron micrographs of chemically fixed mature polien grains.

Fig. 3:

Fig. a:

Fig. S:

Electron micrograph of a chemically-fixed sperm cell Transection of a
sperm cell contanng mitochondria (m). plastds (pl. and an umdentified
single membrane—bound organelle arrows) X 20.500

Electron micrograph of sperm plastids m the polien gramn _An aggregation
of sperm plastids (p) some containing paracrystaline structures
rrowheads)  Unidentified single membrane—bound orgsnelies (arrows) are
associsted with plastds N=nucleus. Fixed with
glutar aidehyde - disminobenzidine and osmium tetroxide.)
X 13.800 inset= X 77.500.

.

Electron micrograph of chemically-fixed sperm cell n longisection

contanng a nucleus (A with numer nuclear pores (small arrows),
mitochondria (M}, dictyosomes (o), and endoplasmic reticulum (ter). er

= ero\doptasmc reticulum (vegetative cell. VN = vegetative nucleus X
28,100 ' .
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sperms.  Physically- ﬁxgd cell walls stan intensely after the PA-TCH-SP reaction
Fig 8-10). Clawp.rﬁg tha speed of fixation, the uniformity of wall thickness. e
and the density of PA-TCH-SP gtammng after freeze-substitution, it appears that
pﬁysn:llly fixed sperm cell walls are less altered by preparation than those fixed . -

Microtubules were not observed n sperm celis - during the course of ths -
study. although dgntical techniques reveal numerous microtubules in ‘generative
cells of P. zey/snica (Chapter 4] At anthesis and throughout pollen tube growth,
- microtubules are rare or possibly absent Probable microfiaments were seen n
P. zeylanica (Fig 24  unlabeled armw): but difficliles m preserving
mafcltﬁants may exist since thay were ebsarved nfrequently
Vegetative :ﬂi orgarzation

The vegetative cell contan a large polymorphic nucleus, many
mitochondria, aiastndé. c:u:::;;s@ﬁal st;rch grams, Eﬁ,:r@esaﬁﬁs. and numerous
dictyosomes and polysaccharide vesicles The nucleus. up to 13 um long is a
highly lobed. rrregular structure with deep embayments Fig 1. 6. 11. 12) and
numerous nuclear pores (Fig 1, 51 Within embayments of the nuciear envelope
and immediately surrounding the nucieus, rough mdor:lasmc reticulum ﬁft;ﬂ
forms intricate membrane arrays (Fig 11, 12) Eisewhere. lamellar ER 1s often
found adjacent to sperm cells becoming éspéen;lly pﬂ:»m;d on the surface
d'ppasnte to the vegetative nucleus fFig 1. 5 11, 12) In freeze-substituted
preparations, the paﬂmchr Cytoplasm contans few vesicles or ath"glnilhs
and sometimes sppasrs to s;rrm cellular projections of the sperm (Fig 6 7)

The vegetative pdilen cytoplasm contains - numerous, small vesicles with
PA-TCH-SP stasined polysaccharides (Fig ‘éi.,s 10). These vesicles can be
divided into two él;s;:s on the badis of size and staning charactervstics, and
can be identified in both chemically and physically fixed tissues Following
periodic acid oxidation the smallest vesicles, 005 to 01 um in size staned
denesly with the PA-TCH-SP resction fFig 8. 9 compare Fig 10 without PA
oxidstion. The remaining vesicles, from 03 to 06 um in median section, have
an electron—dense FAXTCP%P reactive perimeter and less densely staned

\



Figs. 6-10. Frozen-substituted polien grsins stained with ursnium and lesd Fig.
6. 7) and by PA-TCH-SP reaction (Fig. 8, 9, 10). o

Fig.

Fig.

m\
0

Fig.

Fig.

9

10:

Electron micrograph of physically-fixed poilen gran Near-median section
of vegetstive nucleus (VA showing a sperm cell (S nserted within
uniformly gray perinuclear cytoplasm  Two aggregations’ of rough
ando € _reticulum (er) are present near sperm projection (labeled
arrowhead). Region enclosed in box s shown in Fi§ 7 X 9,200 °

Electron micrograph of physically-fixed sperm ceil and vegetative nucleus.
Sperm cell ¥5). cell wall (small arrows) and vegetative nucieus (VN) are
visible thal;ale? arrowheads indicate nuclear envelope. X 43.900

Electron micrograph of junction between physically-fixed sperm cells,
staned for pofysaccharides Junction between two sperm cells (S) with an
extensive segment of shared cell wall (arrows) ¢ = dictyosome pv =
polysaccharide vesicle X 17100

Electron micrograph of physicaily-fixed polien ram. stanad for
polysaccharides. Sperm cells (S) delimited by PA-TCH-SP reactive cell walls
(small arrowheads) Possible plasmodesma at the sperm cell junction is
.ndxgatné by an arrow ter = tubular endoplasmic reticukm: v '= vesicle X
38.200 —

Electron micrograph “of physically—fixed polien gram, stsined without
periodic acid oxidation Sperm (S) and cell wall (arrows) after PA-TCH-SP
reaction with periodic ackd oxidation (This frigure was printed with the
same contrast photographic paper as in Figs. 8 and 9, but exposed three
timas longer) pv = polysaccharide vesicle X 43.800.
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contents Fig 8 10. In ifraazi-sbsﬁmmd preparstions .of vegetative cytoplasm,
PA-TCH-SP resction products were also detected in dictyosomes, starch grains,
Structural interreistionships of sperms and vegetstive nuclesus
~ Associations within mature Pﬂlﬁ??iﬁs .

In mature pollen grains of P. zeylanica the two sperm celis are drectly
Wked: they share a transverse c#l wall with plasmodesmata and are enclosed
hpﬁhyhﬂtvmeﬂmmﬁﬁgl&amgf
) mm;pmmdsemmadmmmﬂgstﬂvsmhmsaﬂmm
_festure of polien gran organization (Fig 1. 5 6. 11, 12) The besis of this
association appears to be a long. -narrow projection of the sperm cell (averaging
<1 um wide and about 30"um long: Fig 11) which wraps around the periphery
of the vegetative nucieus and occupies esmbayments of that nucleus Analysis of

Fig. 1: Schematic representation of the association between one sperm and the
vegetative nucleus in a pollen grain as traced from an electron
micrograph. A reconstruction of this sperm preparsd using serial
sections revealed that this sperm's projection (labeled arrowheads) was
about 30 um long extending from the arrow, wrapping clockwise
sround the periphery of the vegetative nucleus. and te rnating near the
asterisk. Note aggregations of ER (epresented by in  lines).
Embayments and ensheathing lobes (labeled arrowheads) of the
vegetative nucieus are evident S = sperm cell. SN"= sperm nucleus;
VN = vegetative nucleus. X 10,400
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serial ultrathin sections also reveals that nearly 70% of the sperm praﬂctnan and
10% or more of the mamn cell body may be ensheathed by iobes of the
vegetative nucleus. While sperms never directly contacf the vegetative m:laus
son_\etir;»es sperm projections are separsted from the nuciear enveiope by ;s
ittle as 0.1 um. projections: are typically embedded in a morphologically distinct
permuciear cytoplasm (Fig 1. 6, 7% 11. 12) Amthough | looked specifically for
celular structures which mght directly hnk one sperm or its surrounding
membranes with the vegetative nucleus, | was unable to find any
Associations of ‘sperms and vegetative nucleus withn Iisolated polien grain
‘contems

Reconstructing the sperm-vegetative nucleus association in the hiving state -
s simplified by releasing pollen gran contents mté a ‘rr_tgdmm designed for
pollen tube growth and briefly observing them with Nomarski iﬁtéffefenea optics.
!;lewly isolated sperm cells appear roughly spindile-shaped and are closely
associated with the vegetativernucleus and with one another (Fig 13, 16) Whie
both sperms are similar in shape the one adjacent to the vegetative nucleus has
a longer pégjectuon and grester cellular volume than the other sperm Part of
thvs sperm “appears to extend just within the edge of the vegetstive nucleus
membrane. presumably in embayments of the nuclear envelope Fig 14, 16)

Observation of living sperm celis in isolat;on also provides information on
e reguistion of sperm cell shape and the ;;ossibblﬂ'y “of mdependent cell
movement Sperms remaining surrounded by their native polien cytopiasm do not

\

change grestly in cell shape or structural associstion over- the observation
mnterval (Fig. 16, 17) -Howovcr, sperms which were separsted from surrounding
polien cytoplasm appesred to undergo rapid degenerative changes in both cell
shape and structural association within 10 minutes (Fig 13-15) Cytoplasmic
activity was observed in sperm_ cells throughout the observation period, but in
none of the sperms observed were conformational changes reversed Sperms
did not appesr to display directional movement ‘or any shape changes that

appeared relaied to possible motility.



Fig. 12:

N\

Electron micrograph of the structural associstion of spérm cell and
vegetative nucleus in a mature pollen grain Complementary surfaces
formed by a projection of the sperm cell (S black arrows) and
ensheathing lobes of vegetative nucleus (VA, white arrows) are evident
The other sperm cell s visible in the upper right corner, immediately
adjacent (arrowheads) to the first sperm cell X 13,000

Figs. 13-15. Sperm cells (S and vegetative nucieus (VAN) immediately after isolation

in a pollen tube growth medium. Photographed with Nomarski differental
interference optics at 5 minute intervals Unlabeled arrowheads indicate a
sperm cell projection in Fig 14 and the internal pollen plasma membrane
n Fig. 15 X 1,200 '

Figs. 16 and 17. Same as Figs 13-15, except isolated mn polien cytoplasm and

photographed over a 20 minute interval Arrowheads indicate a sperm cell
projection i 9 16 and sperm-to-sperm junction n Fig 17 X 1.880
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Associations of sperm arid vegetative nucleus within the polien tube

throughout pollen tube growth but the distance between these two Structures s
greatly altered ﬂuruﬁg rapid tube elongation Early pollen tube growth s rapid (up
to ‘5 mm/hr or more. /n vivol and pollen tube diameter is relatively narrow
tususlly <10 um widel During this phase the man body of the vegetative
‘nucleus precedes the sperm celis by up to 50 um (Fig 18, -19) and is nearly
ss wide s the bore\ of the tube The vegetative nucleus is highly elongated,
with numerous lobed extensions near its apex (Fig 20. arrows). Sperm cells

travel within the tube as a linked par, and continue to share a common cell

In light microscopy. a -strand passing between the vegetative nucleus and
the leading sperm cell can be distinguished (Fig 18 19 Electron microscopic
examination reveals that this strané i1s composed of vegetative nucleus, internal
pollen plasma membrane. and projections of the leading sperm cell (Figs 19-22)
be isolated within a thin layer of perinuciear cytoplasm (Fig 21). The leading
s;>erm cell 1s demonstrably contiguous for over 30 um from the center of the
strand (Fig 19, uniabeled arrow) to the sperm cell common wall;'rit may become
more than 60 um long since sperm cytoplasm can also be recognhized near the
main body of the vaégtstive nuclgus- (Fig 19. uniabeled arrowhaads) The
vegetative nucleus. itself, stretches t::s §4D um at this stage TPy 19 snd 22)
>35 um (a length consistent -with that of the. sperm projection in polien grains
see Fig 11)

During a slower phase of polien tube elongation (about 250 um/hr, in
vivol which occurs near the ovule, tube dismeter increases until the two sperms

can fit beside each other in the tube (Fig 23). Sperms remamn associated with

the vegetative nucleus even after entering the micropyle (unpublished data) but

before as the sperms become more rounded (Fig 24, 27) In

these last two figu

more loosely than

sperm projections do not occur, but lobes of vegetative



Figs. 18-22: Chemically-fixed style with growing pollen tube.

Fig. 18:

Fig. 20:

2

~ Fig.

Fig. 22:

Nomarski differential interference rmcrograph of apical portion of pollen
tube during rapid elongation phase in the upper style The polien tube
apex is oriented toward the top of the page The strand composed of
vegelative nucleus (VN and sperm cell (S) linking these two bodies s
labeled in an electron micrograph of this section in Fig 19 X 2400

Electron micrograph of pollen tube during rapid elongation phase obtained
by reembedding and ultrathin-sectioning the section shown in Fig 18
Unlabeled arrowheads indicate strands of sperm cell cytoplasm associated
with elongate vegetative nucleus (VN). Two sperms (S) remain linked by a
shered cell wall X 2800 -

Electron Fﬂleit‘;)Qfmh of vegetative nucleus apex during rapid elongation
phase at higher magnificaton The leading face of the vegetative nucleus

displays numerous lobes in the nuclear envelope (small arrows) X 9430

Electron rmicrograph of vegetative nucleus adjacent to sperm projection
during rapid pollen tube eldbngation Segments of sperm cell (S) are wisible
near the thin permuclear cytoplasm at the traling edge of the same
vegetative nucleus. X 17 650 ‘

Electron micrograph of vegetative nucleus adjacent to sperm projection
during rapid polien tube elongation The most proximal portion of
vegetative nucleus (VA) 1s also associated with sperm cell The same
segment of vegetstive nucleus is indicated by a labeled arrowhead in Fig
19, X 12.350.
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nucleus are located as closely as 0.1 um from the leading sperm Sp!rmtt!ﬂ;
appear to remain connected by plasmodesmata as the polien tube nears the
micropyle (Fig 27 arrow). and remain closely associated even after ther
discharge from the pollen tube within the embryo sac (Russell 1980)
Sperm cell modifications during pollen tube growth

Duwring the course of pollen tube growth sperms become more rc;.ﬁaad
and less wregularly shaped in both chemically and physically fixed styiar tissues
Fig 18 23. 25| in freeze-substituted material. sperm cells become rounded and
more regularly shaped. but not spherical Sperms continue to possess a periodic
sc::iéSehiff‘s (PAS) reactive cell wall, visible in unstaned sections as a clear
region (Fig 23). however. the stainablity and extent of this wall detreases during
polien tube growth Sperm cell pr@;m:t:ans are usually observed. but are less
extensive than in pollen ‘gr'ams

Sperm organefles are not greatly modified during pollen tube growth, but
changes in the condition of mitochondria appear noteworthy Sperm mitochondria.
which are round at anthesis and have narrow cristae (Fig 5). elongate during
polien tubgi growth and therr cristae expand considerably (Fig 26) These
alterations were also observed in the polien tubé but were not observed in
surrounding stylar tissue (unpublished data) Th:g spaym nucleus becomas more
nearly spherical near the completion of tube growth, presumably as a result of
changes in cell Ehapa Nuciear contents appear to° become shghtly more
condensed (Fig 23 250 No significant changes were observed m the nucieolus
or in plastids ’ -

C. Discussion
Sperm cell structure

Sperm and generative cells examined to date share a number of common
cytological features. These include the presence of a nucieus. free and bound
ribosomes, endoplasmic reticulum, vesicles. dictyosomes, and mitochondria’
Additionally, generative and sperm cells are delimited by thew own plasma

In a single exception, Epidendrum scutella the generative cell appears to lack
mitochondria (Cocucci and Jensen, 1969a)

=



Fig. 23: Phase contrast - micrograph of pollen tube during slow growth phase
Frozen-substituted pollen tube fixed during the siow phase of tube
growth near. the owde Somewhat rounded sperm cells (S) reman
surrounded by a clear zone (arrowheads! wiwch represents cell wally
Vegetative nucieus (VN) remamns closely associated with sperms  The
polien tube apex s shown in the upper right cormer of this figure X
2500

Figs. 24-27: Electron micrographs of chamicslly fixed pollen tubas in 'thytryli,

Fig. 24: Electron micrograph of a sperm plasud during late’ pollen tube growth
near’ the owvule 'An unisbeled arrow n the polien cytoplasm indicates
probable bundie of microfilsments X 53 500 '

Fig. 25: Electron micrograph of the polien tube nearng the ovule showing the
vegetative nucleus (VN) leading two rounded sperm cells (S Pollen tube
IS just emerging from the stylar transmitting tissue (77- The inner
integument s shown nearby (/A1) X 3.500.

Fig. 26: Electron micrograph of sgerm mitochondrion during .late poffen tube
growth Sperm mitochondfia (m become elongate. and cristae expand
durmng late phases of pollan tube growth X 50 00

Fig. 27: Electron micrograph of twd—ekemically-fixed sperm during late pollen
~tube growth Two rounded spedm cellé reman linked (arrow) as pollen
tube approaches the ovule. N =/nucleus: p = plastid X 11400
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membrane and are ss:roﬂad by the mner vegetative cell membrane. !-bwevig
the cytology of flowering plant sperms asppears to vary with regard to ‘the
inclusion of plastids. microtubules. microfilaments. and the presence and extent of -
a surroundmng celi wall (Cass. 1973 Cass and Karas 1975 Cheng. Shiyi, Liyun,
Xwru, and Jianheng 1980: Hbefert 1969. Jensen and Fisher. 1968b. Karas and
cass. 1976)

The presence ? generative cell plastids appears % be a prereac
nﬁmmﬂwméfmm?msm 1976
Angicsperms which display umnparentsl (maternal) psfterns of plastome inheritance.
as do the majority of flowering piants (Gillhem 197@). typically exclude plastrds
during generative cell cytokmnesis (Hagemann, 1976) or eliminate plastids by means
~of a lethality factor” during generative cell maturation (Clauhs and Grun. 1977)
-HG\NEVEK the presence of plastids in the generative cell. while permitting
ransmission of paternal plastids mnto the sperm. does not necessitate ther
genetic .npressiaﬁ n the éer-ﬁbrya in some varetias of Oenothers a
well-described but apparently little understood process of nucleocytopissmic
ncompatibility appears to decrease the repiication rate of male plastids, afters
their genetic expression. and eventually may result in the eimination of paternal
plastids within the mature plant (Grun. 1978, Gillham. 1978) A number of other
possibilities in which generative cell plastids may be transmitted but uninherited
includa: i) spc:mtméaus or nuclear-induced failure of sperm plastids to replicate
of to express certan genetic characteristics. i differential .pl:stnd apportionment
during generstive cell division, i} transmission of sperm plastids into a cell
hneage which is unrepresented in the mature plant leg. the suspensor or basal
cell). v failre of sperm cytoplasm to enter the egg during gamete fusion
Although cytological evidence contradicts the fourth alternative in A. zeylanica
(Russell. 1980), an aevajustion of the remaming options will require a thorough
kncswiédge of plastome genetics and uftrastructure in thus plant In considering the
transrssion  of other heritable structures in the generstive or sperm  cell
cytoplasm. including mitochondria or wvirions, similar arguments may be made

Presuming that conditions of non-inheritance like those descriped above are not



mn effect one wcnjd expect. based on the present study of sperm cytology.
that P. zey/anica will display biparental mmheritance patterns of plastid and
rruta;houﬁrml genes. and transmit other heritable structures present N mile
cytoplasm ! : -

The nature of the cell walls surrounding male gametes may be axaectsd.
to influence sperm cell physiology and gametic transmussion. yet ‘there is no
clear, general understanding of ther construction and extent In P. zeylanica
plasmodesmata and vesicles sre present n sperm cell walls regardiess c?
preparstive tectrwques used. fibrilsr substructure 15 not visible In four different
chermical fixation regimes. varisble distances were observed between sperm and
vegetative cell membranes and attermpts to stain the sperm cell wall with the
PAS and PA-TCH-SP reactions produced negligible resutts Thus. sperm cell walls
which  were chemically fixed appeared to be altered during preparation
Physically-fixed. freeze-substituted mature polien grans produced a far méra
consistent mmage of ;spsrm cell wall structure and tiwckness, st;mmg intansely
after PAS and l‘;'AiTCH;SF reaction In these prepasrastions. the sperm ‘CB" wall s
005 to 0.1 um wide and decreases after seversi hours of polien tube growth
1o less than 003 um Neaw the completion of polien tube growth the sperm
boundary appears to consist of only a thin layer of polysaccharides rather than a
conventional cell wall Following discharge from the polien tube sperm cell wall
appears to disperse almost completely (unpublished data) NHMEfQTE would not
be gx;:;-ctjd to mterfers with the completion of gamete fussén

Jhe reguiation of matuwre sperm cell shape in P. zey/anica s an mtriguing
Question in hght of the structural relstionships reported between sperms and the
vegetative nucleus In this regard, the presence and extent of microtubules and
microfilaments should receive specisl considerstion, as these two structures are
generally believed to have major cytoskeletsl roles The establishment of the
spindle shape typical of mature sperm cells occurs in the progenitor (generative)
cell in P zeylsnica At this stage the generative cell has numerous,
longitudinally-oriented microtubules located adjscent to the plasma membrane

Presumably, these microtubules serve, at least in part. a cytoskeletal role and
i



may as in Endymion and Haaferthus generstive cells sid in the transformation
of the immature. elipsoidal generative cell into its mature spindie shape Eu'gass
1970, Sanger and Jacksam, 1971r Apparently. n Endymion some cytoskeletal
microtubules may becomé mncorporated in forming the mitotic spindle during
generatlve cell division (Burgess. 1970) in P. zey/snica, a sifnilar phase of
microtubular depletion seems to occur ‘during sperm cell formation. however, n
sperms of this plant, unike sperms of other trinucieate polien reported 1o date
(Beta. Hoefert, 1969. Hordeumn. Cass. 1973. Cass and Karss. 1975; Secs/e Karss
ad Cass. 1976 Triticum. Cheng et ai. 1980). cytoskeletsl microtubuies
apparently are not re—established after generative cell division _Iﬁ Plumbago unlike
the latter plants. cellular morphogenasis appears to precede sperm cell formation
iunpublished data). wheress m Mordeum. Secale and Triticum the onset and
completion of morphogenesis apparently follows sperm formation Beta appes
to represent an mtermediste case: n which the onset of morphogenes:s precedes
generative cell dwvision, but i1s not completed untii after the two sperms are
formed (Hoefert 1969, 1971) o

The presence of infrequently observad microfilaments may contribute to
the regulation of sperm cell shape but the extent of their influence is unknown
Correlated lght microscopic examination of lving isolated sperm cells reveals
that immediately upon release from the pollen grain. local Irragularites in sparm
shape decrease and that sperms instistly retan ther spindle shape and structural
N normally growing polien tubes Fig 18 19) Such observations of sperm
cytoloéy and behavior suggest that the external environment of sperm cells plays
an important role in maintaining cell shape. Observed shape changes /n vivo may
resuit largely from changing cytoplasmic conditions in the polien grain  and
growing polien tube. Based on the apparent asbsence of highly organized cellular
components known to influence cell movement in other biological systems, and
my own observations of Lwing isolsted sperms. | feel thet the possibitity of
directional motility in sperm cells of P. zey/anica i1s highly unlikely.



Structural associations involving sperm celis

The two sperms and the vegetative nucleus are consistently associated in
polien grans and tubes of P. zey/anica ndependemt of the mode of fixation or
other preparative procedures (see section 32)° The two sperms are joined by a
transverse cell wall with plasmodesmata (Fig 2. arrowheads) and are surrounded
by m mnner vggitﬂive cell membrane. The transverse cell wall probably
originates during generative ‘cell cytokinesis One of the two sperm cells 1s
consistently  associsted with the vegetatve nucleus, sharing compilex
complementary boundaries over much of its surface. The basis of this association
appears to be a long. narrow projection of the asscéiataﬂ sperm cell which
wraps around and occupies embayments of the véggtativg nucleus; only a thin
sheath of perinuclear cytoplasm appem's to sépa*ata these two structres Lobes
of the vegetative nucleus. In turn, partially ensheath this assocuated sperm cell
Two wmportant festures ofv the sperm-vegetstive nucleus association, namely i)
the extensive surface area shared by sperm and vegetative permuciear cytoplasm,
and i) the elaborste morphological relationship between one sperm and the
vegetative nucieus, suggest that the cfxﬁférﬁnﬁaml relationship of these two
structures may help stabilize ther assocation The only 'rgc?nt report = which
presents informston comparsble to the present study Is trm of Jensen and
Fisher (1970), in which the sperms of cotton are appsrently associated with the
vegetative nucleus, but‘ this associstion in cofton lIscks the rﬁcrphelegn:;l
complexity observed in Plumbago Swice it seems unikely that two lEQl:
structires like these could be stabilized exclusively by their conformation, |
looked specifically for cellulsr structures which might_dirfctly link one sparm or
its surrounding mirﬁl;rﬂs with tha vegetative nucieus. | was. however, unsble to
.Observe any such structures '

The occurrence of assocustions between sperm cells and the vegetative
nucleus may facilitate the passage of sperms within the pollen tube and assure
their nearly simultanecus delivery into the embryc sac. Rapid polien tube growth,
while being an obvious advantage 1n gametophytic competition, would be

counterproductive if it resuited in the inadvertent exclusion of male gametes



Crom the growing pollen tube Possibly, especially in light of rapid ﬁn:ﬂan tube
elongation rates in P. zey/anica (which reach 5 mm/hr (‘:*ED um/min) in artificially
p@lir@ted styles. unpublished observations) such a hnkage; may represent a
:mﬁjﬁva advantage in delivermg "both sperms to the lower style and ovule
more effectively As polien tube growth slows, the sperms and vagetatjve
nucleus approach the growing tip and seem less tghtly assccuated they share
less surface area and the spgm prejection becomes less conspicuous.
Sﬁiﬂ'm-ié‘m connections are retaned throughout pollen tube growth angd may
aiso md n dehvering both male gametes into the region between the egg and
central cell where gamete fusion occurs (Russell, 1980 Russ;u and Cass. 1981b)
common system n angiosperms where gamete transmission 1s medisted by a"
synergid. probably requires some form of gamete rééaéﬁ!tiéﬂ with specific
conditions of membrane receptivity Since the conditions favorable for gamete
fusion are likely to be transient following _pollen tube discharge. the close
association of sperm cells could promote their efficient co-transmussion at a
time when the rgtepgwty of target cell membranes is being rapidly altered.
Sexual repfaduc:tlcn n P. zeylanica, and apparently all. n‘\cﬁ'ﬁjrs of the
ribe Plumbagineae (Russek 1980). occurs in the absence of synergids, the cell
type in angiosperm megagametophytes which normally receives the polien tube
and. physically mediates sperm transmussion Using previous studies of male
gamete structure as a basis for comparison (Cass, 1973; Cass and Karas, 1975
Cheng. et al, 1980, Hoefert. 1969, Jensen and Fisher, 1968b, and Karas and
Cass. 1976). | have been unable to find any unique modifications in P, zeylanica
,5Perm  structure  which may facilitate the process of gamete delivery in a
synergidiess angiosperm, with the possible exception of sperm-to-sperm
connactions and as ociations  with the vegetative nucleus Theoretically,
simultaneous delivery af both male gametes should be favored lnéi\gjdspal‘rﬁ
reproductive uy:uh: wl!hr- spermis. must each be delivered to different fémale
celis to effect ¢mn/ fertiization, however, the generality of the structursl

features describaed " 'El-gﬁbaga 15 yet unknown and may prove to be relativaly



common as other flowering plant sperms aré” ctitically examined



IV. Sperm Ultrastructure: Quantitative Cytology and Symmetry of Organelle °*

Inheritance

A. Introduction
in the majority of angiosperm male gametophytes the generative cell lacks

plastds (Gillham, 1978) either as a consequence of unequal distribution of
plastids during the formation of the generative cell (Hagemann, 1976) or as a
result .of degeneration of plastids during generative cell maturation (Clauhs and
Grun. 1977). Those taxia which do contain generative cell plastids are divided into
two groups plants which reguiarly contan numerous generative cell plastids
Dexheimer, 1966. Diers, 1963, Knoth, 1975 Lombardo and Gerola, 1968) and
those which inconsistently may possess few or single plastids (Hoefert, 1969)
The consistency of these cytological restits with the genatic data suggest the
possibility thst cytological study of generative calls may rehably allow prediction
of whether paternal plastids are transmitted. or whether such transmission is
impossible because of their absence

The predictive vaiue of cytological examination in cases of possible
biparental inheritance. where paternal plastids are observed. rests on the
assumption of symmetrical plastid inheritance during generative cell division and
sperm cell formation, and that the numerical content of plastids remains constant
(or nearly constant) throughout sperm maturation to gamete fusion. The numerical
content of heritable organelles may also prove to be an important parameter in
predicting the initisl influx of male organelies and the possible extent of theif
influence curing early embryogenesis. ’

The presemt study reports on the numerical content and spltul datmbuuan
-of heritable ﬁ)igmalhs n paired spcrm cells within the polien g'lm at anthesis iﬁ‘

)

Plumbago zeylanics.
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B. Resuits and Discussion
The microgametophyte of P. zey/anica contpins two sphdlgishﬁgé m
cels and a vegetative nucelus. The two sperm celis consistently differ in
morphology and may thereby be distinguished from one another the single sperm
cell which is most closely gssociated with the vegetative nucieus bears a long
slender cellular projection which wraps around the vegetative nucleus: the s-cand
sperm cell, is v;anngc:ted with the first by plasmodesmata and a common cell
vwaiL but is not directly associsted with the vegetative nucleus. Details concermng
the natwre and possible significance of this relationship sre discussed in the
preceding chapter S
Reconstruction of 11 pars of sperm cells within the pollen gran reveal
quantitative and qualitative differences in the number of heritable organelles
present in each sperri; cell after generative cell division (Table 3. 4) The sperm
associsted with the -vegetative nucleus possessad most of the mitochondria (ave.
256.2) including numerous mitochondria within the celiular projection (ave. 80.
Taple 3). The other sperm (unassociated with the vegetative nucleus) possessed
/Sanificantly fewer such mitochondria Wve. 3982 p < .0001; Table 5, 61
The distribution of plastids showed an even greater disparity between the
two sperm cells The spgrm which is associated with the vegetative nuclieus
contained at most two plastids and typically none (ave 045) whereas the other
sperm cell had from eight to 46 plastids (ave 242 Table 3) The dissimilarity of )
these two types of sperm is demonstrated in the scatter diagram in Table 4.
Observations of over 50 polien grans indicated that the presence of
numerous plastids in the sperm unassocisted with the vegetative nucleus was
consistent In sav-;;r;! cases where the sperm containing plastids appesred to be
in direct cohtact with the vegetative nucleus, other sections of the same polien
gran were examinad with pﬁieuli care. In thesel sections, the second sperm
was clearly visible and possessed a celiular projection tightly associated with the
vegetative nucleus. The presence of plastids in the sperm associsted with the
1 vegetative nucleus was observed in three of Ftha eleven sperm celis. In each, the

plastids are consistently located within 0.5 um of the junction with the other
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Table 4. Scatter disgram comparing the numerical content of mitochondria
and plastids in two groups of sperm celis based on associstion with the
vegetative nucieus. (Overlapping points are represented by s number which
corresponds to the number of points which coincide.)

Group /: Sperms associated with the vegetative nucleus.
Group 1/: Sperms unassociated with the vegetative nucl/eus.
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The occurrence and distribution of single membrane-bound bodies with

contents. resembiing microbodies. wWere also recorded The sperm

+ which is assocutfd wwﬁ'\ the vegetative nu::ieus contained significantly fewer
microbodies (0-2. ave 045 than did the other sperm (0-8 microbodies. "ave
35 p = .0014; Table 3, 5 6

Prehmwnary evidence strongly suggests that the apportionment of heritable
organelles n the sperm is determined by the distribution

ratve Ccell magturation

these organelles

prior to generstve celi civision At a ime stage of
after the generstve cell has become free from the intne and s becoming
elongated (Fig 28). plastds are found almost exclusively at one pole of the cell
and most mitochondria are located at. the other pole The mechanism by which
plastd and mitochondrial distribution patterns originate within the generative cell is
unknown, but the polarization of the generstive cell appesrs associsted with the
development of a cellular projection near the middle of generative cell maturation
Future patterns of organelle distribution are organized with respect to this
poiarity, with mainly mitochondrisa in the half of the generative cell associsted
with the vegetstive nucieus 91



Fig. 28:

Electron micrograph of generative cell in immature polien near the middie
of generative cell maturation Plastids (P) are located at one pole of the
cell. mitochondria (M)_are located at the opposite pole Establistynent of
generative cell polarity has occurred by this stage as the cell begins to
undergo elongation into a  spindle shape ' Longrtudinally-oriented
microtubules (uniabelied arrowheads) are numerous at the perphary of the
cell next to -the generatve 'cell wall and are regarded as essential
organelles in the estabishment of generatve and sparm shape although
absent in the matwre sperm of P. zey/anica (M generative ceill nucieus.
UA-PbCit staning X 22.000.
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3
V. Fertilizstion: Entry and Discharge of the Pollen Tube in the Embryo Sac

A. Introduction )

The course of the pollen tube In the Plumbago and Plumbsgells-type
embryo sacs i1s problematical n kght of current concepts of angiosperm gamete
transfer L;ﬂkm:g synergids and identifiable antpodal cells, basic q;oestiﬁf reman
concerning' the organization and behavior of these reduced embryo sacs during
reproductive function Cass and Karas (1974) a::rnmed the fine structure of the
eogg of Plumbago. concluding that in a number of ways it chsplays festures more
typicsl of synergds in the normsl egg apparatus  evidence of grenter
physiological activity. presence’ of a fiiform apparatus, and extreme micropylar
position of the egg are among the more significant similarities

in early accounts of fertilization and embryogenesis in the wRiumbaginoidese.
Dahigren (1916, 1937) was unable to document the entry of the pollen tube and
fusion of sperm rucier. but contended that double fertiization probably occurs as
" does in more typical megsgametophytes Only in recent years have these
questions once again been addressed (Russell. 1980, Russell and Cass. 1981b)
and n resolving these issues the study of Plumbago zey/anica has revealed. an
alternative pathway for polien tube growth and confirmed the presence of double
fertiization in the absence of synergids The present study traces the course of
final polien tube growth and discharge within the embryo sac of P. zeylanica
and introduces an examination of the fate of pollen tube nuclei which will be

discussed more fully in the following chapter.

B. Observations ¢
Initiation snd growth of the pollen tube into the ovule

Initiation of polien tube growth occurs within 15 minutes of poliinstion;
the successful polien tube penetrates over 20 mm of gyﬁc‘;iﬂl tissue in the
most rapidly developing potien tubes and may arrive at the ovule within less than
8-1/2 v (Table 6). The newly formed polien tube penetrates uﬁ the top
layers of cells at the stigmatc surface and within one caell layer enters the

48
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Table 8: Chronology of fertilizstion events in Plumbego zeylanica based on
maximal growth rates foliowing artificisl polinaton of flowers
emasculated prior to anthesis (in hoursmimntes) =

initiation of polien tube growth. penetration 0 - 015
of stigms s -
{
Rapid polien tube growth in lower style . 015 - 430
Siower pollen tube growth m lower style 430 - 810
Arrivel of polien tube st ovuie. penetration of micropyle 815 - 820
{ ~
" Penetration of mucellus and filiform apparstus; entry and 8:25
discharge of the pollen tube into the embryo sac
Gamete fusion, transmission of sperm nuclei 8:30
Initiation of nuclear fusion; fertilization ‘ 8:40




Fig. 29:

Reconstruction of a mature embryo sac of P. zeylsnica A large,
vacuolate egg (£' with numerous cell wali ingrowths at its base (FA =
filiform apparatus) occupies the micropylar end of the megagametophyte.
it is partially surrounded within the embryo sac by a central cell (CO) with
Its nucieus opposite the nucleus of the egg cell Three accessory cells
of widely varying shapes and sizes are present within the mature embryo
sac. but do .not directly participate in the fertilization process and appea
to be ephemeral structures. Degeneration may occur before fertilization
umMWofMﬂtm:ellmm(ﬁz,wmmlﬂﬂ
embryogeny, as would be the case in the lateral cels (L) shown.
Approximnately X 800. :
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modified cell wall matrix of the closed transmitting tissue. Arms of transrtting
tissue reaching into the stigmatic lobes fuse proximally te form a single.
t:mtlgmus cylnder in the style, nt ends abruptly at the Sltﬁ‘ﬁlf of the avry
fc:mn'ig an obturastor which is appressed to the oSNgle ovule in the uniloculste
ovary. The pollen tube. does not leave the cylinder of transmitting tissue during
growth until arrival at the ovule, and during this time is not obs@rved outside of
the mtercellular wall matrix formed by these cells As the pollen tube reaches
the base of the style, it emerges fram the transmitting tissue. skirts the edge of
the furwculus. which partially occludes the micropyle, and enters the ovule through
a mcropyle formed by the inner integument Growth of the polien tube is
known to be relatively slow within this region (Chapter 3). but a narrowing of
the diameter of the pollen tube at the micropyle may increase the rate of tp
growth near the ovule At the base of the nucellus (Fig. 33), polien tube breadth
ﬁt:rnsas S@if{él“ﬂy and a corresponding lag in the rate of elongation appears
to occur w 7

The nucellar region through which the tube enters the megagametophyte
does not undergo as many perchinal divisions during its .aﬁtageﬁy as do
surrounding nuceiti;i areas. but in other respects the morphological organization of
this tissue appears unspecialized for ultimate.pollen tube penetration Upon pollen
tube arrival, the middie lamellae of cell walls withun this region appear to become
disorganized (Fig 33, arrows) and interceliular space between these cells becomes
evident The pollen tube apparently presses between these celis, displacing them,
ﬁwmmswwwmmmcﬂmafmmm
cells does not appear to undergo recognizable morphological alteration prior to
the arrival of the polien tube, but soon afterwards may rapidly bacome
electron-dense (Fig 36, 38) a; an appsrent consequence of polien tube passage.
Organization of the mature embryo ssc before pollen tube mrivsl

The unfertilized megagametophyte of AP. zey/anica consists of five celis -
the egg. central cell “and three accessory cells: two lateral cells and one chalazal
cell (Fig 29). The mature egg !s a highly polarized cell occupied by a prominent

central vacuole The nucleus, numerous mitochondria, and a majority of thae



Fig. 30:

Fig. 31

Fig. 32:

Electron mucrograph of median longitudinal section of egg and central cell
nucier in sn unfertiized embryo sac Cytoplasmic areas (srrowheads) within
the central cell nucieus (PN represent evidence for the prior fusion of
polar nuciei. Numerous mitochondria and a majority of the piastids are
located in the cytoplasm surrounding the central ceil and egg nucleus (V)
A continuous thin cell wall sepsrates egg (£} and central celt (CO
UA-PBCit staning X 5300

Electron micrograph of a pollen tube within the filiform apparatus at the
base of the egg in cross section The embryo sac wail at the base of
the egg 1s composed of the cell walls of the egg and degenerate
remains of nucellar cells crushed during embryo sac ontogeny The
stellate ttern of the base of the egg evident in cross section is the
result of the encroachment of intact nucellar cells FA filiform apparatus;
PT polien tube UA-PbCit staming X 3450
)

Higher magnification electron micrograph of filiform apparatus n base of
the egg near polien tube Fikform projections contan aligned mnternal
fibrils evident here 1N both cross (black arrowheads) and longitudinal
section (white arrowheads. Elettron-opaque areas wrthn the filiform
apparatus cell wall may represent areas of degenerate e?g cell cytoplasm
trapped during the deveiopment of the fihtorm apparatus
UA-PbCit X 22.850
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plastids are locsted at the chalazal end (Fig 30). while the extreme micropylar
end of the egg possesses mitochondria and numerous cell wall ingrowths
forming the filiform apparatus (Fig 31. Cass and Karas. 1974, Fig 9 10
Elements of the fiiform apparatus are located at the base of the egg celi,
largely near the junction between “the egg and megagametophyte cell walls (Fig
31) and consist of an  electron-lucent  wall Fﬁitnx with mrms
longitudinally-oriented fibrils (Fig 82) of polysaccharidic content (Fig 35) Fibrils
subjected to the TCH-SP reaction wera unstaned wrﬂ’!@u‘t prior periodic acid
oxidation. Fibrils of the same structure sre also seen in the micropylar egg cell
wall for 20 to 30 um above the junction with the maegagametophyte wall such
fibrils are absent within the mid-lateral and chalazal egg cell wall g 30. 39,
40). Membranous inclusions within the filiform apparatus stan similarly to piasma
membrane and may represent isolated segments of cytoplasm trapped in the cell
wall during its Farmgtio;\ Fg 32, 35 |
situsted opposite the egg nucleus (Fig 29  30) Its cytoplasm s largely
permnuciear and is linked by narrow strands ‘to a thin layer of cytoplasm
| bordering the central cell (Fig 29) Accessory cells are attached to the periphery
of the embryo sac Alﬂmug;w these cells have no obvious function, they may
persist for varible periods of time during embryogenesis without undergoing
morphological alteration. Typically the antipodal cell degenerstes prior to e-rﬁbr'y::s
sac matrity, whils the degenerstion of the Iateral celis s t,impar:;w more
varisble Fig 29) Uirastructure of the dgg cell wall i the mid-istersl and "
chalazal part of the egg vares in granuiarty. with short segments  of -
randomly-aligned fibrillsr material commonly observed (Fig 29, 39, 40: Cass and
Karas, 1974)
Entry and discharge of the pollen tube in the megagasmetophyte

The pollen tube enters the megagametophyte by penetrating the embryo
sac near the filiform apparstus at the base of the egg (Fig 31. 43) and
continues: its growth between the egg and central cell. displacing egg cell wall

material to either side of the pollen tube during its passage (Fig 34, 36) The .



Fig.

Fig.

Fig. :

34

Electron micrograph of polien tube apex in physical contact with
nucellar cells near the micropyle The nucellus (Nc) between the micropyle
and egg (£) 1s structurslly modified. consisting of two to three cells in
thickness, surrounding regions of nucelius vary from three to over five
cell layers in thickness As the polien tabe (P7) approaches the embryo
sac. the muddle lamellae of intervening nucellar cells within this region
appear 10 break down (unlabelied arrows) Starch grans (s) are frequently
seen N the most mucropylar nucellar cells UA-PbCit X 3080

7 .
Electron micrograph of polien tube penetrating the egg wall in a newly
fertiized embryQ.sac Pollen tube (P7) located in .and above the region of
the filiform apparatus (FA has been crushed as a consequence of
probable osmotic changes encountered during chermicsl preparation
lcompare Fig 29 prepared by freezing and the use of anhydrous
solvents. Note fibrillar nature of the micropylsr and lateral regions of
egg wall (EW) Crystals dre visible in the egg wall (arrbws) near the the
embryo sac wall and nucellus (Nc) UA-PbCit staming X 11 750

Electron micrograph of .  fiform Spparatus stained by the
PA-TCH-SP reaction using PA-TCH-SP reaction The filiform apparatus
contains ahgned structural fibrils (arrowheads). probably cellulosic In nature
and unstained without prior PA oxidation). Filiform apparatus fibris are
oriently longitudinally with respect to the egg (£) and pollen tube (PT), and
may provide structural support during tube passage Numerous regions of

~electron-dense material probably represent degenerating segments of

Cytoplasm isolated during the development of the filiform apparatus
FA-TCH-SP reaction X 18,700
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course of the pollen tube above the'base of the egg indicates tnn the tube
apex is either defleétod or redirected at the base of the embryo sac, and that
~ the polien tube commonly diverges from ‘the previous plane of growth (Fig 36,
38. 43) During continued growth, the polien tube forms an arc which conforms
to the contour of the egg cell for the remamning 60 to 70 um of polien tube
elongation Growth cesses when the poilen tube arrives at a region of strong
Curvature near the chalazal end of the egg. a terminal aperture forms, and the
~ release of polien tube contents between the egg and central cell begins Fig 39,
42. 431 During polien tube discharge. two sperms. a vegetstive nucleus, and 2
imited amount of pollen cytoplasm are quickly released Since the male gametes
approach the tip of the polien tube during late stages of pollen tube growth
(Chapter 3). 1t is likely that the male gametes are released soon after pollen tube
discharge is initiated and therefore relatively little polien cytoplasm would have to
be expelled In the proceés. The occurrence of a reiatively small amount of
pollen ejecta is confirmed by observations of freeze substituted material {Fig. 43)
in physically-fixed material apparently only the cytoplasm released from the pollen
tube undergoes immediate degeneration; pollen cytoplasm within the tube proxirhal
to the aperture does not appear to chénge in structure or stainmig characteristics
soon after pollen tube discharge has occurred (Fig 43 44) Within minutes of
aperture format'»an, the discharged pollen cytoplasm becomes electron dense to
electron opaque (Fig 39. 401 The ground substance becomes osmiophilic and is
highly stsined in the TCH-SP reaction Although secretory vesicles do not
themselves appear to degenerate, they may follow anomalous fusion patterns,
fusing with themselves producing blocks of material lodging within the tube Fig

ithin the tube or outside of

40) or with embryo wall (Fig 42), or remain free
it (Fig 40). Mitochondrial cristae swell and rial at the edge of the outer
mitochondrial membranes becomes dense; mitochondria and o%anéllas othar than
vesicles loose their integrity within hours of discharge from the pollen tube.
Pollen tube and egg cell walls following discharge of the polien tube

in chemically-fixed materials. the discharged polien tube appears flattened

within the embryo sac and any cytoplasm trapped within distal parts of the tube



Fig. 36:

Fig. 37:

Fig. 38:

Eiectron micrograph of longitudinal section of pollen tube within the base
of the embryo sac near the time of fertilization Entry of the polien tube
Into  the embryo sac results in several alterations in ovular and embryo
sac structure. nucellar cells (Vo) separate at the muddle lamella. become
displaced to either side of the pollen tube (P7) and rapidly degenerate
(This  section was fixed at about 88 hr after pollnation. within 20
minutes of expected pollen tube arrival) The base of. the egg (£) is
pushed inward at the filiform apparatus (FA4l by the Mtrusion of the
polien tube The structure of the pollen tube. which is clearly biamellate
above the micropyle (see arrowheads) becomes trilamellate after pollen
tube penetration has occurred The middie layer of the pollen tube
becomes ewvident after pollen tube arrival. it consists of more loosely
organized fibrils than either of the inner or outer layers of the pofien
tube and contans vesicles (v) with a related layer of aligned tubular
membranous elements (seen in more detail in Figg. 37) This region
eventually seals the pollen tube at the base of the egg and may be
associated with the slower degeneration of polien cytoplasm proximal to
this point UA-PbCit stamng X 5850

Electron mucrograph of vesicles and related tubular membranous elements
n the middle layer of a pollen tube Note loosely- orgamzed fibrils within
this layer of the pollen tube walt The structure. location. and rapid
formation of this region suggest that the middle layer of the polien tube,
formed only at the base of the egg cell, may serve to rapidly seal the
base of the embryo sac and structurally reinforce this area The vesicles
(vi and related tubular membranes (arrowheads) presumably function In
deposition of this wall UA-PbCit staining X 13,500

Electron micrograph of longitudinal section of polien tube at the base of
the embryo sac near the time of fertilization Elements of the filiform
apparatus (FA) are clearly evident within the egg cell (£) and contan a
fibrillar component which 1s stained by the PA-TCH-SP reaction Starch
grains (s} and wall components were densely stained by this reaction
when PA oxidation preceded thiocarbohydrazide and silver protenate;
staining in the plasma membrane was evident without prior PA oxidation
but was enhanced by this treatment PA-TCH-SP reaction X 3600.
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Fig 34) sppesrs highly degenerste, resembling the discharged pollen cytopiasm
Fig 40. 42) Drgaﬁéligs. it recognizable, may appear degenerate in all regions of
the pollen tube where the plasma membrane s disrupted Where the plasma
membrane is intact proximally in the tube polien cytoplasm may appear nearly
unaitered (Fig 36, 38, but likely undgrgc:es subsequent degeneration during
embryogeny While it is likely that these changes all occur within a day of polien
that such degenerative changes occur much more siowly than thg chemical
preparations would indicate.,

When preparations are frozen fixed at liquid nitrogen temperatures and
material 1s dehydrated by cold. non-aqueous solvents, the pollen tube remains
inflated between the egg and central cell. -at least unti the completion of
fertiization (Fig. 44) The base of the pollen tube becomes folded at the level of
the filiform apparatus near the base of the embryo sac (Fig. 43) and the free
passage of materials between proximal and distal portions of the polien tube is -
partially blocked Polien cytoplasm does not appear to degenerate within the tube
at this stage. but discharged cytoplasm stains densely. appears less highly
structured, and s pr:::l:.gbly highly degenerate. as. apparently, is the vegetative
nucleus (Fig 41)

Near the aperture the pollen tube is-constructed qf a single layer which

is relatively constant in its ultrastructural appearence. The polien tube wall

proximal to the polien tube aperture Fig 40. arrows). and somewhat less
well-organized near the aperture (Fig 39. 40). In more proximal regions,
particularly near the base Eof the embryo sac, polien tube ultrastructure becomes

more complex following pollen tube discharge. In the micropyle and nucellus, the

structure of the pollen tube is bilamellate, Eanéistiﬁg of an outer. denser layer of

fibrillar céﬂ wall bounding an inner layer of shghtly less dense terial It is
possible that a significant proportion of this inner layer may be depositgd soon
after gp@llaﬁ tube discharge, when numeorus polysaccharide vesicles may be

present., but before polien cytoplasm degenerates. An intermediate layar which
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forms between these two layorsiit the base of the egg contains loosely-packed
fibrils withn an electron—lucent Ergtrix; numerous vesicles. and numerous tubular
membrane systems associated with the vesicles (Fig 36, 37) The ultrastructural
appearance of this region i1s modified rapidly mear the time of fertilization and
may effectively seal this region from the distal part of the pollen tube soon
after fertilization The pollen tube wall becomes an integral part of the base of
the embryo at idter stages and may provide some structural strengthening of the
micropylar nuceliu; Remnants of the pollen tube In the micropyle within the
outer wall of the massive suspensor have been observed with the light
microscope throughout early embryogeny to the time of cotyledon initiation and
do not appear to undergo extensive breakdown The coalescence of polien tube
vesicles following pollen tube discharge 1s frequent. but apparently does not
contribute to the formation of an organized. continuous cell wall (Fig 42)

The chalazal egg cell wall contans pgrn@date‘s;ﬂsitwe, Icaselfépaekad
fibris, with an electron-lucent background component, which differs in
appearance from those walls of pollen tube origin (Fig 39, 40) Near the region
of the poilen tube aperture. egg cell wall components are often present as
vesicles or clumps of maténal adhering to the plasma membranes of th; e9g
and central cell (Fig 39. 40. arrowheads) The region most likely to directly,
participate in transference of the jspafrn nuclei to the female celis, namely that
region of the embryo sac nearest the pollen tube aperture. has few areas of
intact ceil wall (Fig 39 42 44) and may therefore not be expected to interfere
with processes of Mrm recognition and fusion which may ocecur during
subsequent gameté fusion.

Identification and fate of the vegetstive nucleus in the megagametophyte

Following polien tube discharge. a single body resembiing an "X -body"
(sensu Fisher and Jensen, 1969) is observdd between tite egg and central cell, at
varying distances from the tip of the pollen tube The bady i highly
electron-dense. containing numerodus electron-opaque granules, and s not
delimited by a membrane (VN, Fig 41). The present interpretation, that this

structure represents the highly degenerate remains of the vegetative nucleus is
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Fig. 39: Eiectron microbraph of pollen tube aperture in longitudinai section shortly
after discharge stained by the TCH-SP reaction without prior PA
oxidation Both halves of pollen tube wall (PTW) are visible. the pore is
located on the left side of the figure and is distinguished by the
continuity of degenerating pollen cytoplasm through the aperture {arrows)
Material discharged from the pollen tube 1s located within the region
between the plasma membranes of the egg (£) and central cell (CO)
Degenerating pollen cytoplasm is osmiophiic (as observed in unstained
materiall and stans densely in the TCH-SP reaction regardiess of prior
PA oxidation Remnant areas of egg cell wall are appressed to the
plasma membranes of the egg and central cells (arrowheads) Regions of
egg cell wall in the immediate vicinity of the pollen tube aperture are
rare and appear disrupted, a probable resuit of the arrival and discharge
of the polien tube Degenerating mitochondria (M) in this figure are
located within pollen cytoplasm near the aperture and just beyond it
H,O-TCH-SP reaction. X 36.400.

’

Fig. 40: Electron micrograph of a pollen tube within the embryo sac stamned by
the PA-TCH-SP reaction by use of the PA-TCH-SP reaction Section is
serial to that shown in Fig 39 but several micrometers proximal to the
pollen tube aperture Fibrilar structure wvisible within proximal regions of
the pollen tube (arrows) becomes random nearer the aperture (at the left
ide of the figure) Areas of egg cell wall (arrowheads) are wisible

hermg to the egg and central cell plasma membranes and are
distinguished by their characteristically loosely-organized dense fibrils a
their transparent surrounding material. PA-TCH-SP reaction X 33400




64




Fig. 41 Electron micrograph of discharged vegetative nucieus between egg and
central cell near the time of pollen tube discharge Vegetative nucleus
N) rapidly degenerates following discharge and is surrounded by
~ degenerating polien cytoplasm (J/PC) Compare this figure to Fig 44,
65-67 for typical location of the vegetative nucleus relative to other

cells within the embryo sac UA-PbCit staning X 10.400

X
Fig. 42. Electron micrograph of polien tube aperture one day after fertilization
The location of the pollen tube (P7) between the suspensor (5) and
endosperm (£n) 1s unchanged during lster embryogeny. The coalescence of
discharged secretory vesicles forms an irregular wall layer (arrow) beyond
the aperture of the pollen tube (arrowheads). Eight-celled embryo stage.
UA-PDCit staiing X 17.200. C
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“ Figs. 43 and 44: Color photomicrographs of 2 um thiek
freeze-substituted ovule stained with Periodic acid-Sehitf
insoluble carbohydrates ({pinkish to red color). snd snilin
proteins (bluish colors). X 1600.

plastic sections of a
reaction (PAS) for
blue bisck for

Fig. 43: Nomarski differental interference contrast micrograph of median section
of the base of a freeze-substituted ovule near the tme of nuciear
fusion Inflated portion of pollen tube (PT) in a thick section of the same’
Ovule as displayed n Fig 44, approx 2 um away Fartial occlusion of
the polien tube at the Pase of the egg (£) i1& visible at the tip of the
uniabeled. arrowhead dear the egg cell wall prarections forming the
firform apparatus (F4 Nc nucellus.

Fig. 44: Nomarski differential interference contrast micrograph of median secton
of a freeze-substituted ovule near the tme ./ nuclear fusion Remamns of
. the sperm nucie: (uniabeled arrowheads wre visble * after fusion with the
@central cell nucleus (PA) and near t™e twme of fusion with the ac
nucleus (EN) The membrane of the sperm nwu-ieus fusing with that of the
egg 1s wvisible n a difterent optical pilane of this section (nset) and
mdicates that nuclear fusion has yet to be completed n the egg Nuclear
fusion appears to be nitiated at the edge of the egg nucleus nearest the
pollen tube aperture (uniabeled arrows) In the egg and. similarly, at the
nesrest face of the secondary nucleus m relation to the pollen tube
withn the central cell This indicates that nucles probably follow a drect
route in approaching both of the female nucie:. .uniike the proposed
pathway 1n cotton. for which 15 proposed that a direct pathway s
followed by the sperm nucleus prior to the formation of the primary
endosperm nucleus. but a circumferental pattern of sperm nucleus
movement in the egg cell (Jensen. 1973). The vegetative nucieus (VA) s
visible between the egg (£) and endosperm (£n) in this embryc sac, in its
Characteristic position, between the two female reproductive nuciei Egg
cell wall. which is continuous prior to arrival and discharge of the polien
tube. appears disrupted near the aperture of the polien " tube (Pinkish
tunge near the edge of the egg cytoplasm near the nucleus 5 an
interference artifact and does not appear staned m PAS under brightfield
MICr OSCOpRY). .
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Reconstruction of polien tube arrival, tube discharge, and subsequent
fertihzation in P zey/anica based on chemically and physically fixed
preparations The pollen tube (P7) enters the ovule through a micropyle
formed by the inner intagument (//), passes between several nucellar- cells
(Nc). penatrates t{f? embryo sac through the filiform apparatus at the
base of the g7 \£) and completes growth between the egg and, the
central cell (C() forming a terminal aperture near a region of strong
Curvature in the side of the egg Discharge of the polilen tube results in
the release of two male gametes. vegetative nucleus, and a limited
amount of poilen cytoplasm between these two cells. The sperm nucie
come to fuse with the central cell and egg nuclei, respectively,
(arrowheads) and the vegetstive nucleus (VN) remains lodged between the
egg and central cell Approximately X 800

(Reconstruction was based on fertilization events documented in Figs 43 and 44
for events of pollen: tube-embryo sac interaction, end on embryo ssc shown in
Fig 30 for morphology of female reproductive nuclei., nuclecli. and nucellart cell

patterns)
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largely based on its affinity for am%a blue-black. its positive reaction to the
Feulgen stain, and its size and location between the egg and central cell within
the embryo sac. The presence of only one such body resembing the classically-
described “X-bodies” is consistent with the absem:e of synergids, which in
normal flowering plants. is considered to account for the origin of the second

X-body (Fisher and Jensen, 1969)

C. Discussion

Electron microscopic studies have revaaled a single, ;aﬁsistm; pathway by
which pollen tubes enter the embryo sac of angiosperms possessing synergids.
The pollen tube penetrates a single synergid which begins to degenerate before,
during. or soon after pollen tube arrival (Jensen, 1973 Mogensen. 1978) The
embryo, sac of APl/umbago, lacking synergids. has revealed an alternative to this
mode of pollen tube penetration The pollen tube nvtially emerges from the
thick-walled cells of the transmitting tissue, drrectly entering the owvule of A
zey/anica throdgh a micropyle formed by the inner integument Fig 45)
Displacing several intervening nucellar cells between the inside of the micropyle
and the embryo sac, the pollen tube penetrates the embryo sac through egg cell
wall ingrowths of the fiiform apparatus at the most micropylar ragion of the
egg FPollen tube growth continues and is completed in the intercellular space
between the egg and central cell, terminating near a region of sharp curvature
of the egg 70 to 80 um deep into the embryo sac A terminal aperture is
formed at this time. and the vegetative nucleus, two sperm cells and a limited
amount of pollen cytoplasm are released between the egg and central cell plasma
membranes. Degeneration of the discharged polien cytoplasm and vegetative
nucleus rapidly ensues and is nitiated prior to gamete fusion (Chapter 6)

The entry of the polien tube into the embryc sac is unassociated with the
degeneration of any receptor cell within the female gametophyte; however, an
extramural region of degeneration is :Onrly delimited by the egg and c:antral zall
plasma membranes In freeze- s;bsv(/ ted material, degeneration is initislly ited to
material ejected from the polien tube — an observation which strongly suggests
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that the stimulus for cytoplasmic degeneration originates in the embryo sac, and
competence for response resides betv;een the egg and central cell. No
degenerate material apparently related to the fertilization process was observed
within  either of.- these two cells following gamete fusion The discharged
vegetative nucleus. which is initially located near the tip of the polien tube.
comes to lie near the summit of the egg. and may become lodged between the
nuclei of both the egg and central cell Its size. location (ie., in discharged polien
cytoplasm between cells in the embryo sac), and protein content corroborate the
dentification of this structure shown m #ig 41 as the discharged vegetative
nucleus. ’

Following the completion of pollen tube discharge, the delivery of male
gametes mto the embryo sac. and possibly simultaneously  with  gametic
transmission into cells of the female gametophyte. tr;e base of the polien tube is
sealed by intensive wall synthesis at a location near - the base of the embryo sac.
The pollen tube, which s bilamellate prior to polien tube arrival, develops a third,
intermediate layer after pollen tube arrival. quickly generating numerous vesicies
and a thick, loosely fibrillar cell wall. This layer appears to originate soon after
polilen tube arrival and resuits in at least partial occlusion of the potien tube
within the time requred for nuclear fusion to begin N both chemically and
physically fixed preparations (see Table 6 for a timetable of fertilization events).
In chemically fixed material of this developmental stage, the pollen tube often
appesred collapsed, sesling the base of the embryo sac. This phenomenon,
probably partislly induced by va pressure surge from the embryo sac during
chemical fixation and the hydration of the intermediate layer. was not as evident
" -in tissues prepared by use of freeze substitqtion. At later stages‘,' this region of
cefl wall completely occludes the pollen tube at the base of the egg. and forms
a structure’ analagous (at least in function) to the ‘plug” described by Jensen and
Fisher {1968al and van Went (1970).

The embryo sac of Plumbago zeylanica should be regarded as exhibiting
3 Sigtwly specialized and reduced egg apparatus consisting of a single, modified
egg cell. When compared to the typical egg apparstus (Jensen, 1973) the



ultrastructural  organization of the egg of P zeylanica. bears a striking
resemblance to that of a synergid (Cass and Karas, 1974) The presence of a
filiform apparatus. the ultrastructural appearance of a physiologically active cell,
and the extreme micropylar position of the egg are all bases for comparing the
egg of Plumbago with a synergid (Cass. 1572.‘ Cass and Karas, 1974) The
course of pollen tube entry into the embryo sac through the filiform apparatus
at the base of the egg and that the egg provides a specific location for polien
tube discharge and gamete fusion reinforce these similarities Major differences
between thus egg and a synergid include 1) the egg of Plumbago does not
directly receive the pollen tube: 2) there is no visible alteration of egg cytoplasm
requred for pollen tube growth or discharge. or for passage of sperm nuclei:
3) the egg functions as a gamete and gives rise to a -ﬁér:maﬂ embryo The
important functions of an egg apparatus. namely receiving the pollen tube and
serving as depostticnal site for two sperm cells, are reiegatad to an interceliular
location in P. zey/anica The absence of recognizable degenerative changes in the
egg of P. zeylanica contrasts with the system reported in the majority of
.conventional embryo sacs where synergid degeneration precedes, accompani@s. or
follows polien tn‘be pén‘;tfltiéﬁ into the embryo sac (Jensen 1973

The precise role. if any, of synergid éeganaranaﬁ in conventional embryo
sacs is unknown but in P. zey/anica degenerative changes l:'l polien cytoplasm
appear to be rastricted to that cytoplasm which is discharged between the egg
and central cell in physically—prapared material. While numerous cé;n‘;,epts concern
the importance of synergid degeneration in determining the receptive synergid
prior to pollen tube penetration (van der Pluijm . 1964: Jensen and Fisher. 1968a),
it 1S by no means evident that caulular de'g#ﬁerstiaﬁ, per se s requred for
p successful polien tube penetration Cases where visible synergid aegeﬁeratzcﬁ
~ does not occur (van Went. 1870) or where it “is . technique-dependant (Fisher and
Jensen, 1869) ,chuld indicate that the important events ralating to the identity of
the receptive syﬁargid' are determined chemif;:;!lﬁ and may not always be

do%onormon of female gametophyte cells does not appesr to play sn important

»

morphologically expressed wunti the arrival o6f the polien tube Celiular

7



role in determmning the course of uitimate polien tube growth in P. zey/anica
The alternative possibility that cytoplasmic degeneration accompanying polien tube
discharge may setve a role in modification of the male gamete and the site of
gametic trangmission prior to gamete arrival (Mogensen, 1978). is supported by
the present data and suggests that synergid idegmerat@n events may also
provide an intagral feature in ﬁrgparmqj‘girﬁétés and celis of the embryo sac for
the presumably transient conditions of receptivity which may occur prior to

successful gamete fusion in angiosperms.



VL. Fmililiiiaﬁ;%iﬁ‘liti Fusion and Fate of the Male Cytoplasm

A. Introduction —

in f gmm;;ept that male gametes are deposited in the

—

ﬁ%ﬁé sac through a single receptive synergid i1s implied by the presence of
the pollen tube and its discharged cytoplasm within that synergid (Jensen 1973)
Although the transitory presence of the sperm celis in the synergid has been
documented in several instances (Cass and Jensen 1970 Cocucci and diFulvio,
1969; Wilms, 1981) ideas concerming the transmission of male cytoplasm -
particularly the extent. symmetry. and mecharusm of transmission - have remamned
largely controversial (Jensen and Fisher, 1967 196Ba. Fisher and Jensen 1969
Wilms, 1981) The transmission of heritable cytoplasmic organelles by the male
gametophyte was proposed in the early 1900s Baur. 1909, Correns. 1909) In
these and later studies the evidence for male cytoplasmic transmission aﬁ'd the
mhgfitaqc:e of characteristnés of the male cytoplasm in subsequent generations has
been convincing. (Grun, 1976; Gilham. 1978) but these studies alone present
insufficient evidence on which to establish whether incorporatad  organelles
originste from the sperm, vegetative cell (polien tube), or both Morphological
avidence, first attempted by hghi microscopy of parsffinjgnrbedded sactions
(Wyle. 1941) and later by electron microscopy (Meyer and Stubbe, 1974), has
been unable to resolve these basic questions to date. Since the presence of
disorganized and dEﬁ-SEIy"StSiﬁéd synergid cytoplasm has often interfered with
such observations, it has recently been proposed that examination of these
processes in flowering plants that lack synergids may play a role in resoclvirg
this controversy (Russell. 1980). |

The mechanism by which gametic nuclei are transmitted to the ;gg and
central cell i1s stil largely unknown, however, if transmission occurs by cellular
fusion, extra-nuclear components of the male gametes will be transmitted into
cells of the female gametophyte and their detection should be possible soon
after the arrival of sperm nuclei into the egg and central cell The problems

associsted with visualizing the crucial stages and identifying m@rphalagi:al'
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differences between organelies of different celiular origin have been largely
resolved - in the present study of fertiization in Plumbago zey/anica and
cqontribute structural information to the process of gamete fusion in flowering
plants. The present study outlines the ::c’m&itncﬁ of the male gametes after their
discharge into the embryo sat: and proposes a sequence of events during
gamete fusion which termmate in the transmission of heritable cytopiasmic

organelles of the male gamete into the egg and dentral cell

B. Observations

An aperture forms at the tp of the pollen tube soon after its arrival
within the embryc sac and results in the discharge of the pollen tube and the
felease of the vegetative nucleus. some pollen tube cytoplasm and the two male
gametes (Chapter 5) Regardless of the preparative technique used, the discharged
pollen cytoplasm appears to begin degradative changes soon after it is injected
into the interceliular space between the EQQ and central ceﬂ Released polien tube
organelles appear to degenerate rapidly The vegetative nucleus is situated
between the egg and central cell and gradually approaches the chalazal part of
this region. Discharged polien cytoplasm Efsﬁtlﬁué's to degenerate following gamete
fusion, but undergoes less rapid alteration after fertilization Even as late as
several days after the arrival of the pollen tube it may be possible to distinguish
the pollen tube wall between the suspensor and the endosperm cells and the
degenerating remains of the polien cytoplasm and vegetative nucleus.
Sperm ceils in the megagametophyts before gamate fusion

The transitory nature of developmental stages between gamete discharge
and fusion is clearly suggested by the rarity of such reports in the lhterature
(most recently, Cass and Jensen. 1970. Cocucci and diFulvio, 1969, Wilms,
1881); in the present study. one megagametophyte observed displayed these
stages (Fig. 46-51 Table 6) In this series, it is evident that the two male
gametes remain near the pollen tube aperture. and become tightly appressed
aganst the egg and central .cell plasma- membranes, surrounded by discharged,
degenerating pollen cytoplasm on ther remaining faces (Fig 46. 47) The two



Fig. 46:

Fig. 47:

Fig. 48:

<o

Nomarski interference contrast micrograph of an unfused sperm /cell
between the egg and central cell in transection of megagametophyte
Sperm cel with nucleus and nucleolus evident is indicated by uniabeled
arrowheads. The more proximal sperm cell discharged into this yo
sac is shown in Fig 47. CC central cell £ egg. Nc nucellus. PT poflien
tube (Electron micrographs of this sperm shown In Fig. 50, 51)
Unstained X 257%

Nomarski interference contrast micrograph of unfused sperm cell between
the egg and central cell in a section several micrometers proximal to Fig
46. Pollen tube is curved at this level and has become crushed during
chemucal preparation. Differences in the shape of the region between egg
and central cell are evident between this and the previous figure
(Electron  micrographs of this sperm shown in Fig 48 49)
Unstained. X 2575

Electron micrograph of unfused sperm cell between the egg and central
cell shown in Fig 47 Sperm nucleus (SNV). located centrally within the
seerm Cytoplasm, 1s wvisible The cellular nature of the sperm s cleariy
evident in the unfused msle gamete soon after polien tube discharge,
although gametes are delimited by a single membrane rather than two. as
before pollen tube arrival Discharged material oncluding the sperms. polien
tube, polien cytoplasm. and vegetative nucleus) are restricted to the
interceliular region between the egg and central celll these objects are
not seen within ceils of the female gametophyte except when fusion has
occurred and then only nucler and cytoplasmic organelles originating in the
sperm cells have been identified UA-PbCit staining X 4350

/\
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sperms are clearly celiuiar at this- stage. The two sperms remain closely
associated after their expulsion from the polien tube and are separste cells. each
surrounded by a single plasma membrane At the electron microscopic. level, the
general cytology of spgrm at this stage resembles that c:f sperm  within  the
- pollen gran and tube as dascribed in ésprev@us chapter Possibly these two
cells reman linked by plasmodesmata as in the pollen gran and growing tube
Fig 27 however. this connection would presumably be disrupted near the time
of gamete discharge or _baf@rg-igamefa fusion

The prefusion sperm cytoplasm is dommated by a2 nucleus with a
promnent nucleolus, and contains a number of organelies which, by their
!ultrastm:ﬁ.ral appearance, seem to remain viable Mitochondria are numerous:

WIﬂiﬁﬁ one cell spherical to elongate. and approximately 02 um wide and up to

05 to .07 um long Fig 49} Plastids, up to 1.5 um long with de
ae smilar to those described within the “polien gran and growing\ polien tube.
The overall ground cytoplasm of sperms appears overall somewhat lass electron
dense than that of the surrounding egg and central cell {Fig 49-51)

The two sperms are delimited by the sperm plasma membrane, but lack
the surrounding inner \vaggtstiva cell plasma membrane observed throughout polien
grain maturation and as late as pollen tube penetration of the nucellar tisswes
Following discharge, some parts of the sperm plasma membrane appear directly
appressed to the plasma membranes of the egg and central cell The loose,
non-fibrillar cell wall observed at prgvigusi stages (see previous chapter) is
apparently removed from the sperm surface with the removal of the vegetative
cell membrane The junction between the sperm and the egg and central cell
varies from 002 um to 0.07 um (Fig 50) dapandlng on random variations and
the prasanca of parts of the pollen cytoplasm lodged between the sperm cell
and either of the female reproductive cells At the perimeter of this junction
with the sperm ;;Ells, microtubules wittn the egg and cent-al cell may be
observed oriented longitudinally with respect to the polarity of the embryo sac
#Fig 50). These microtubules frequently appear attached to the egg or central cell
.plasma membranes (as in Fig '12. Cass and Karas, 1974) and may to some

%



Fig. 49:

Fig. 50:

Fig. 5t

Electron micrograph of unfused sperm cell between the egg and central
celi near the time of gamete deiivery Sperm Cytoplasm contans the
normal compiement of organelles. includng the nucieus (SN and numearous,
mitochondria (M and unlabelled arrowheads) The sperm s delimited by a
single membrane. Pollen tube (P7) wisible to the right of the sperm cell
UA-PbCit staining X 7900

Electron micrograph of junction between unfused sperm cell and centrai
cell after gamete discharge showing the tghtly appressed plasma
membranes of the sperm (S and central cefl {CO) Microtubules located in
female tophyte (unlabelled arrowheads! may contribute to maintaning
the conformation of sperm and female gametophyte cells during gamete
delivery and fusion UA-PBbCit stamng X 24,950

Electron mucrograph of unfused sperm associated pollen cytoplasm, and
pollen tube after gsmete discharge. Degenerati cischarged polien
Cytoplasm, with rapidly disorganizing mitochondria indicated (M) is visible
between the sperm cell and llent tube (P7) The polien tube aperture is
located several micrometers from thig site SN sperm nucleus UA-PbCit
staring X 22 150 3
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extent aid in determinmeg~-the conformation of the egg-sperm-central cell
relationship. ’

Male gamaetes within egg and central cell eubsequent to gamete fusion

Sperm nucler pass mto the cytoplasms of egg and central cell soon after.

the arrival of male gametes within the embryo sac (see Table 6 As the location
of the unfused sperm would indicate. thd entry of sperm cells likely oeccurs near
the site of ther depositionmiust beyond the '.tlp of the pollen tube Fig 56) At
'thcs stage. the "‘two sperm nuciei g wn ortented N a linear fashion -and  the
'_ vegetstive nucleus Ys located just beyond Eﬁ* distal sperm nucleus (Fig B63-65)
M™e sperm nucler at this stage ac;e typically separated from the aggr_i and Séﬁﬁ‘ai
cell=%-i'n;¢:l3| by ZSX and 'W umn respe:twely (Fig ‘52) but’ this distance is qmt:kly
' redui:.ed uping the gnsumg; 10, lﬁmutes (see Table 6] The sperm nucleos destmad

to fuse witf that of the egg cell 1s shown in Figures 52, 53 and 57 while the

sperm nué'leus whr_h will fuse with that of the ceﬁtral cell is seen in Figures
54-56 : - - o

Sperm nucle: mppear approach the femald nuclei by the most direct ro o
with subsequent nuclear fusion consistently @:Euffuhé on the face of the egg‘ or
ceﬁtr;l cell nucleus nearest the site of gametic dgg@émam and pchen tube
discharge (Fig: 63-65) The events of subsequent nuclear- fusion appear to be
identical t«: those ciesz:rnbec:i in other angiosperm taxa (Jensen. 1964, Jensen and

Fisher, 1E7D Schulz and Jensen 1977

e
:

Sperrp membranas foliowing gamete fusion; modifications of egg-central cell
) . -

wall ' . s
When sections are subjected to the PA-TCH-SP reactron. the plasma
membrane of the egg and central cell (or certan components SSSQGIStEd with it)

are intensely stained  While endoplasmic renculum and mitachondrial rnambrénas
afd also . stained somewhat by the reaction (with or with;t PA in OsO,-fixed
material). the only ;Fﬁgﬂ‘lbfaﬁés stained as densely as the plasma membranas are
those of the plastids ond 8 membrane system of unknown origin located within
five micrometers of the sperm nucleus in the central cell (Fig " 54, B5). This

membrane system of unidentified origin is -known to be absent prior to gamete

b



Fig. 52:

Fig. 53

Low ma?\mfication electron micrograph of an embryo sac soon after
gamete usion showing egg nucleus and sperrh nucleus within the egc
ther sections of the same embryq sac are shpwn in Fuigs 53-57
Sperm nucleus (SN,) within the egg 's flanked by plastids morphologically
similar to those of the sperm cell (Fig 53 '58). Electron—opagque material
between the egg (£) and central cell (CC) represents the discharged.

‘degenerate pollen cytoplasm The central cell nucleus 15 located opposite

the egg nucleus (FN) in other sections The. sperm nucleus which entered
the central cell (SN, s located (in another 'plane of section) next to the
pollen grain aperture. 5 to 7.um proximal to the sperm nucleus illustrated
here. The vegetative nucleus is located (> 7 um  away) in the .distal

degenerate pollen  cytoplasm indicated by an arrowhead
UA-PbCit staining X 1720 . 7

Etectron“micrggraph’ of an unfused spérm nucleus~in the egg flanked by

Wwvo plastds’ of paternal orign The sperm’ nucieus wvisible here is within

mucrometers of the site of gamete fusion, soon after gamete fusion.

Two plastids (Ps) at the,edge of the nucleus are morphologically similar

to ‘plastids known. to origmate in the male gamete (Fig 58] Plastids

flanking the unfused sperm nucleus have dense stromata electron-lucent

regions without starch grans, "numerous Plastoglobuli. poorly developed

nternal membrane systems and occasionally (n  uranium-lead stained

preparations! paracrystalline bodies are visible Discharged pollen cytoplasm

and disrupted egg cell wall are ewvident between the egg and central cell .
Small area of darkly staning membrares larrowhead) 1s present near the
edge of the unfused sperm nucleys. H,0-TCH-SP reaction X 17.5580.

=
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PA-TCH-SP reaction X 37.400

#

Electron micrograph of. unfused sperm nucleus, within the central call
soon after gametic fusion This section’ was subjected® to the TCH-SP
reattion without prior PA oxidaton See serial section Fig 55 for labels
and TCH-SP"reaction with PA oxidation H,0-TCH~SP reaction” X 37400,
Electron micrograph of - unfused sperm nucleus within' the central cgll
staned by the PA-TCH-SP reaction soon after. gametic  fusion This
séction subjected to PA-TCH-SP reaction and photographically processed
under the same conditions as the control Fig 54, without PA oxidation)
Sperm nucleus (SN, located within the central cell (€O 15, flanked by
small mitochondia similar in size and morphology to those within the male
gametes prior to fusion The larger " mitochondrion nearby probably
represents one of the larger mitochondria of the cerftral cell (Mcc). Note
density. of staining reaction of egg and central cell plasma membranes
(uniabelled arrqwheads) m TCH-SP reaction with and without prior PA
oxidation The same staming characteristics as the plasma membrane are’
also observed in a membrane system seen at' the periphery of the sperm:-
nucleus Junhabelled arrows) which appears to sgeparate the two size

-Classes ,of mitochondria (cf Fig 56) Plastds symilar to: those seen ‘within

the male gamete prior to fusion are visible (5p) -within the egg cell
o ,
Electron micrograph of pollen tube aperture and unfused sperm nucleus

within the central cell soon after gametic fusion. Pollen tube (P7) aperture
indicated by unlabelled arrows The secondary membrane system noted in
Fig 65 is also visible in this section (unlabelled arrowhéads) (This section
Is serial to that shown in Fig 55) PA-TCH-SP reaction X *1.1.000
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tusion (Cass lnd E.:ns 197-:4) ~But possesses essentially the ssna staining
characteristics of PA- sensitivity as are observed in ﬁéafby ‘plasma marﬁbrangs

Fig. 54 55) By f:he locatlon of these membranes relatwe to the sperm nut:leus
similarities m smﬁv@g characteristics within plasms membranes. and the temporal

relationship of tnese mewﬁranes w:th gamete fusu:m 1 seems rrx:st rasscrnﬂate;
that these mempranas are of @lasfﬂg membr ane angm zﬁd that thev are pram;ad
as a result of gamete fubion - passnbly remnants of the sperm-central cell
- f&an mernbrare Segments of this membrahe syst@m wgrg fﬁmﬁ n all ssctions.
» ¢+ of the sperm nucleus examined ' and appesad to be restricted to fha narrow
region surrounding this particular sperm nucleus (Fig ‘54 55  56) At some
locations; él@ng this membrane. vesicle patterns suggestivd of vesiculation of the
membrane are seen (upward arrow. Flg 55), sugggstnng a8 process by" which wme
presumed fusion merﬁbraﬁe may bec:arne dcsgrgamzad Snmuls mermbranes we
not observed naar The other 5per;n nucleus. but a.small membranous structurs
near a spérr’n nucleus wi’thuﬁ the egg (Fig 53 arr::wﬁsad! may represant 2
remnant of a similar segment of sperm merﬁﬁrane N the eqgg cell Evidence for

such possible fusn:m rnambranes IS témpcrallyi restricted to stages fixed wgry

soon after gamete fusu:m and are not evident ch;png later mugrgtiaﬂ_cf the

]

7 . sperm nucleus | _ ’ . -4

- The egg cell wall at the ‘upper lateral and chalazal end of the e'?g
quite different from that n the lawer lateral and_micropylar parts of the 8gg. ls
~ discussed previously in Chq:tar ' in lower parts of the egg the cell wah
« COMains numMerous longitudinaily - aligned pari:&dita*ssnsitivp fibrils :lignida, parallel
' to the polien tube, whifzh may guide the pollen tube dul“lﬁg its pas‘sage n the
embryo sac. In'the lateral egg wall near the region of ‘ééﬂgﬁ tube discharge and
above, tha cell, wall is homogenous, lacking in a fibriliar c:émpcﬁsnt, and as a
r;sult of Rollen ' tube growth” and discharge (Chapter 5) the egg cell wall s

i disrupted beyond the pollen tube sperture (Fig 56, 66) )
In the upper regions of the egg cell, from appreximately the level.of the
pollen tube aperture to the summitdof the egg. modified segments of egg cell
wall are evident (Fig 57, 60. 61) which appear to relate. to the ufequal

r
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dnsﬁ*ibutbaﬁ; of discharged palien cytoplasm between the egg and centfsl cell
These areas of modified .cell wall were first reported during the development of
the egg of P. zey/shica as electron-lucent régions with a constant thickness.
which were associated with straight regions of the plasma membrane and stalked
Mcrotubules (Cass and Karas - 1974, seé ther Fig 121 Similar segments are
c;b:sérvgd m th; present study. however. after polien tube discharge. these
segments apparently become electron dense and granular (Fig 57, 60. 61.
. arrowheads). and microtubuies are more generally distributed in the smbrya sac
ac(:grﬁng ?mﬂy NElr the rpgn:n af gamete delivery (Figy 50) ;

While the role of thvsse modified regions of cell wall 5 not directly
kncwﬂ it appears that these regions influence ﬂthe distribution of the degenerate
PDNEF\ :ytgplasm tarrawheads Fig .52, .66) and thus seem capable of mfluencing
the position of larger ab;e:ts untraauced between the eqqg and central cell,
including - the sperms and vegetative nucleus. Thé presence of egg cell Wall
rnadnfn:atn:ns between the palleﬂ tube aperture "and’ ther lacation ralatnve to the
vegetative nucieus (Fig ;57) and the region - of _9amete fusion (Fig, 57. 60),
suggests that egg ic:eil wall medvf?;a{nq;% may effectively hmit
" objects . inserted between the egg and central cell - a ral

mpgf'taﬁt in statnh;mg the position of sparrﬁ c*ﬁls pru;r to gamete fusu:n j

! Marphalegm:l evidence regarding male cytoplasmic transmission
‘ Evidence favoring the transgmission and mearparatlan of psternany dgﬂvnd

grg;ﬁgnes in tha fermale gametophyta was observed n both egg and central cell
Plastids "which are uncharacteristically dense for those of thg egg cell. are noted
at the periphery of the sperm nlucieus within the ggg elk‘sgon )after gamete
fusion (Fig 53. 57) sand withn adjacent ggg cytoplasm -in ne!grby sécxn?:ns Fig
55, 46 and 60) Compared to plastids wnthnn thg unfartm:ad . 299 ca‘l (seen in
Fig 59" also C-ss and Karas, 1974 Fig 3 5, E) and plastads of maternal—origin
soon after gmm fusion (Fig 61). sperm plastids passsﬂss a relatively dense
stromata in ursnium-iead stained rﬂ:tgrﬂi (Fig 58, are whn nerrower
(approx. 1.2 um or less, instead of 15 ﬂar more), and have a less haéﬂy
developed intarnal ﬁﬂmbrma system Fig 58, '460) Content of plastoglobuli .



Fig. 57:

Fig. s8:
2

Fig. 59:

Figs 60:

Fig. 61

Electron micr

ograph of unfused sperm nucleus and associated cytoplasm

in the e?ghsaaﬁ after gamets' fusion has occurred _Plastids (Ps. similar: to

those o

nown psaternal origin seen in Fig 58 ate seen flanking the

sperm nucleus (M) within the egg cell. near probable site of ygamete

entry The junction between the egg 'and central cell shows a number of

periodically occurring wall modification (unlabelled arrowheads) also visible

m Fig 60. 61 These areas of paraliel plasma membrane appear similar to

those described by Cass and Karas: 1974 (see ther Fig 12); and may

serve to limit the mobility of’ objects discharged within the eg? cell wall,
for

possibly including stabilizing -the gasmﬁﬁ of male gametes
fusion. UA-PpCit staming X 1880

*cg"ular

Elestron micrograph of plastids i sperm cell within growing pgﬂeﬁ tube

plastids oserved  flank h , ] e &g
gamete fusior (cf Fig 53 57 UA-PbCit staming X 19,900

»
.

the amffhgsa plastids sre morphologically similar to
g the sperm nucleus i the soon after

Electron . micrograph. of a typical plastid observed within a mature,
unfertilized .egg cell Egg plastids (Pe) -possess less dense stromata and
better organized internai lamellae than sperm plastids prepared by the
same methods (Fig 58] N egg nucleus M mutochondrion . UA-PbCit
staning X 13900 ) ]

\

Electron micrograph of plasuds flanking the sperm nucleus stained by the
TCH-SP reaction shorfly after garnete fusion , These plastids <are similar in
morphoiogy and staning Charasteristics to plastds ef known paternal
origin Arrowheads indicate an area of modified egg cell wall apparently
modified by the entry and discharge of the gpausﬁ tube. and subsequent

gamete transmission. H,0-TCH-SP reaction X

1.600:

£lectron micrograph of plastids near the E'g* nucleus staned by the
TCH-SP reaction shortly after gamete fusion These plastids are. similar in
morphology and. staning characteristics to plastids of known female
gametophyte orign Arrowhfads indicate a modified region of egg cell

wall neér the

summit of the egg cell H,0-TCH-SP reaction X 14.800

k]
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Sppesrs greater in these plastids and occasionally there are paracrystaline srrays

within the stromata (although su®h arrays also appear on occasion within plastids
-of known maternal origini At tys stage the, dls'tribu?i::;ﬂ of these atypical plastids
within  this embryo ’s;c: was restricted to  within Vsevsraf‘ micrometers of the
sperm nucleus and did not extend elsewhere within the large egg cell Fig 52).
Furthermore. the structure, morphology. and staining chractéosﬁcs of these
atypical plastids within two very différent staning regimes. "closely resembles

plasuds described within sperm cells of the same plant (see Criapter 3) The

——Jpproxwmate number of plastids observed in the €gg also agrees with the number

observed in sperm cells (see Chapter 4. Appendix LLs—fF\

Sthnzm:ll -\ndiﬁﬁ: of male cy’mﬁlisﬂ‘c transmission ~

“i While “ the presence of dworphic piastids in the sperm and .female

gametophyte permits differentiation of maternally and aatgrnaiiyéc:rigsﬁatmg plastids

on morphological greunds alone, differertes iny rﬁ}tgc:hahdrnal structure. althbugh.
evident. are better dealt with in a statistical treatment Size d,iffgrsm:as seemed
apparent beatween mutéf';haniia of male and female origin, and the réguiiit;' of
mitochondrial shape (spherical to roundly ellipsoidall suggested that selection of
mitochondrial width¥as a size parameter which i1s unbiased by section orientation,
‘could  prove useful In differentiating  these organelles and identifying
paternally -originating mntach@nﬁna; within the female gametophyte. \ -

Mitochondrial widths were measured in six different call types 1) Sperm in
pollen grans at anthesis. i) Sperm in growing pollen tubes in the lower styie,
withn 100 um of the owule, iil Vegetative cell in pollen grains at anthesis. )

Vagetative cell in growing pollen tubes in the lower style, v) Mature, unfertilized

Central cell. vi Mature, unfertilized egg Average mitochondrial widths, standard

deviation, comparison of the data with a normal distr‘iguﬂéﬁg and 95 confidence
intervals” are summarized in Table 7- Mitochondrisl widths in the sperm cell
average 29 um In pollen grains at anthesis | 95 ccﬁﬂdem:e interval. 27 to 30
um) and In the sperm cells during late polien tube growth, -v;?:ga 22 um (9% .
confidence interval. 205 to .24 um) Mitochondrial width 1S greater in the polien

A
grains (ave 45 um), pollen tubes (ave 43 um) unfertilized egg (ave 54 um) and
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central cell Qve 49 un) o ; L
' The 95 cohfnéonce imervails of mltc}chand*m \Mdth inhsperm celfls do not
" overiap with those of the polien grain. tube. egg or caﬁfral cell Cases in-which
there was a s:mu‘carﬂ degree of overiap- In. these confidence mtarva;ls nt:hded
the -polien gramn and pollen tube mitochondria and those of the egg and central
' cell. A minor’ dbgree of ovarlap also occurred betweéen 95 t:::nﬁdanca intervals
of rrutochondnal width between thg polien grain and central cell lTisle o Ros
mtorostmg to note \that 9% confndm intarvals between spafm in the podlien
grun and pollen’ tube do not overiap. probably a cmi of the, ﬂong.man
of sperm mitochondria noted as one of a number of develmntal changes

occurring during polien tube growth ‘

Differences between bopulatic;n mean averages. as determined by Student's
" trtest (Table 8) indicate a statlstncaﬁy Significant dnfferencs in mitochondrial width
between the various mitochondrial widths which would permit their cell of, origin
to be determined within the female gametophyte. The Stué‘ant's- t test suggests
that mitochondrial widths differ significantly between all classes of cells, Qith the
exceptic:n, of those in polien grains and the cafgtfil cell. Differences in population -
means were evident in compar'mg spierm mitochondria -with all other Classes
presented thus far, but were shghtly less significant when comparing sperfn

mitochondria in different devdopmentat:st:ggs within the pollen grain and
tube .

These resuits strongly suggest that mitochondrial wnﬂﬂﬁi differs within
different cell types to the degree that it may be . useful m identifying
mitochondria ‘of unknown origin within the embryo sac. Therefore. a seventh
population (S.CC, Table 7) was constructed exclusively from mitochohdria
observed within one—ﬁalf micrometer of the sperm nuciear snvelope soon aft;ri
gamete fusion (e:g_, Fig 54, 55) within the central cell Descriptive statistics
(Table 7) suggest that these are of paternal origin The range of mitochondrial

aWidths n’ this group. varying from 132 uj' to 288 um (ave 21 um). overlaps
closely wnth the range of mutochondna{;mdﬁ-rs absarved n sparm celis within tha
growing pollen tube (165 to g\um ave, 22 urﬁ)The 85 confidence intervals

/
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- corroborate this observation (Table 7). No such overisp in Eoﬁfl,ﬂ‘fée intervals.

was observed betwebn this group of sperm nucleus—associated organelies and
any other group. including that of the unfertilized central cell in which this group

was observed. nor was there, significant overlap at the 99 confidence interval

when this was tested (SCC 99 confidence interval was ED to. 23 um; that of

the unfertilized central cell A% to 53 um) j
-
The Student's t-test (Table 9) was a@phed—‘tc this un?etarmma class of

. organelies to prmndc evidence .that thay differ sntuf zxﬂ_rfrm mitoskondrial

widths in the unfertilized central cell ihd the” pollen m; the two most mpar

cell sources to compare The test praved significant at the p < DQDT lovel

(Table 9) and this significance JPvel also appiies to mitochondrial wndths i they

“, unfertiized egg. pollen grain, and sparm  within the polien g:ain Statisticyfly

insignificant  differences were observed betwegn the undetermined class of .

-

organelles and sperm celis withr pollen tube Insigﬁﬁ‘faﬁt arences were

i
observed n comparing th|s undatermmed class t:?\ arganall with those found

T

within cytoplasmic bad@s ﬁ:xund isolated between the egg and central cell (Table

9. The degree of véruam:a differed |ﬁ5|gnlflcsntly between the undetermined class

s

and sperm cells, . /7 ragardless ::f,7 aevelcpmental c::mdutn:m and with the hactive
polien grain (Tabl\‘(
Presence and ident¥€ication of unfused cytoplasmic bodies between the agg

N -

and central cell —
.

Near the time of gamete fusion, a number of unfused membrane-bound.
anucieate cytoplasmic bodies are frequently ébsgwad batweeﬁ-’ the egg and
centrat cell (Fig 62, 63 and are rastri:tﬁ In distribution to within approximately
10—12 um beyond the aperture of the pollen tube, usually within micrometers of
the vegetative nucleus. They ar; also observed up to a day after fertilization Fig.

®
L

64)" These bodies possess ribosomes endoplasmic reticulum, and have a less

[

electron-dense ground cytoplasm than either the egg or central cell; the Iatter

_ ¥ . _ i .
feature 1s held in common with unfused sperm celis prior to gamete fusion Fag:"-af

49. 50, 51). B
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Electron micrograph of unfused. segment of sperm cytoplasm soon after
gamete fusion An unfused single-membrane bound cytoplasmic body
(unlabelled arrows) ,1s seen appressed to the membranes of the egg (£)
and central cell (C) The size of mitochondria (M) inside this body, the
lesser electron-density of the Cytoplasm and' the proximity of this
structure to the polien tube aperture (several micrometers distal to this
regioni strongly suggest that this repregents part of .the sperm cell which
has separated from the main cell body of the sperm prior to gamete
fusion H;D=T{;H-SP reaction: X 30,750 :

Electron micrograph of unfused cytoplasmic body after gamete fusion
Mitochondridbn (M) s of the same dimensions as those within sperm cells
of the growing polien tube in the lower style. Smgle membrane Gelifniting
this body iunlabelled arrow) tughtly appressed to egg and gentral cell
UA-PbCit staring X 39.800 :

Electron micrQgraph  of  unfused cytoplasmic  body adjac to
eight-celled embryo. This body. seen approximately one BMay after
fertiiration, 1s surrounded entirely by cell wall material of the endosperm
(£n) and suspensor (S) The cytoplasm @f this body s membrane-bound
and contains probable ER (unlabelied ar bwhead). poorly-organized ground
cytoplasm and a mitochondria (M) with dimensions similar to those of the
endosperm and zygote The location of the polien tube aperture. seen at
this location in adjacent sections. clearly ndicates that the region of
gamete fusion and the remains of the pollen tube (P7) are located in a
region destined to become part of a characteristically massive suspensor
reported elsewhere in the literature UA-PbCit staning X 28600

Nomarsk: intarference contrast micrograph of sperm and egg nuclei during
fusion Nearby, sections' of  the same embryo. sac are shown in Fig 686,
67 Sperm nucleus (SN) and egg nucleus (EAN) have formed nuclear
bridges. trapping several cytoplasmic bodies within the fusion hucleus
within the newly-formed zygote ABB stamng X 1,700

Nomarski interference r;antrgp{ micrograph of pollen tube aperture and
wall . modifications within the newly-formed zygote The pollen tube
aperture (unlabelled arrows) is unstained .in this section stained for
proteins. Just beyond the region of gamete fusion. a constriction of the
interceallular space between primary endosperm and zygote i evident
(unisbelled arrowheads), modifying distribution of the densely-stainad
discharged pollen cytoplasm The region distal to this constriction contains
the vegetative nucleus in another section (Fig 67) ABB staining X 1,700

Nomarski interference contrast micrograph of sperm and central cell
nuclear fusion and vegetative nucleus. Fused polar nucler (PN) within the
Incipient primary endosperm nucleus have formed nuclear bridges with the
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sperm nucleus (SN), with several small iﬁﬁﬁﬂm bodies visibie between
these two structures Yegetative nucleus. (VAV) is visible between zygote
and primary endosperm. A comparigon of this figure with serial sections
Fig 65 Bg establishes that sperm nuclei fuse with ther respective target
nucleus at a point nearest the aperture of the pollen tube (see also Fig
65 ABB stanng X 1350 :

2
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The mitochondria observed in these bodies range from 019 um to 029

-
um n width (mean average, 0.25 um) and appear smilar N size and structure to

" those: pbserved within the sperm cell in the polienran . The 95 confidence

of the distributior overlaps with that of sperm mitochondria in the polien
gran. tube. and cent-ai cell. but, did not overlap with that of mitochondria m the
péllien grain or tube, egg and central cell (Table 7), Evan when the confidence
miterval was raised to the 99 level A Students t-test (Table 9 Eﬁris&n of
the popuistion meens showed a very mmﬁm difference in mitochondrial -widths
withmn cyteplasmic badvgs from those of the polien @m and tubei and female
grﬁetaphyta There were insignificant differences in comparing Fnutav:nancrml
‘widtns wrthm Cytoplasmic bodies with thasa of the sperm within the pollen gram,
tube and . central cell "

Statistical tests corroborate the identification of these cytoplasmic bodies
as isolsted segments of the sperm cell Their location relative to the vegetative
Fu;:laus and the number of mitochondria observed within these. bodies suggest
more specifically that these segmants originate in the sperm projaction ;s;@ﬁiﬂad
with the vegetative nucleus, which 1s possibly severed during expuision of the
vegetative nucleus and gametes from the polien wbe The ratio of mitochondria
observed flanking the sperm nucleus in the central cell relafive to that in
Cytoplasmic bodies iroughly 8 1) 1s sumilar to actual counts of mitochondria i the
man cali bc;dy and. projection made in sperm within polien grains at anthesis
range, approx. 141 to 491 average, 2451) |f one assumes that the .
préjection becomes less elongated during pollen tube growth, as ropé;t-d
previously (Cimpter 3. and that the probability of segmentation likely Increases
near the ends of the sperm projection. the 81 ratio observed may be an
accurate estimate of the proportion of mitochondris in the main call body
transmitted into the female gametophyte versus those untransmitted during gamete
fusion in Cytoplasmic bodies betwesn the egg and central cell
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C. Discussion o .

In unreduced angiosperms. the synergids appear to play an mportant role
in recewving the polien tube and phys?‘glly medisting the transmission of sperm
nuclei. the involvement of the synergid has thus figured prominently m the more
recent embryological Iterature (Jensen, 1973, Mogensen. 1978 Folsom. 1980). In
aach ;;»f the over twenty plants examined to date. the synergid Pms prgvﬁnr to be
the exclusive cell type . to receive the polien vTLﬁE and its d-sch.:rged contents
during normal sexual reproduction. In &l bt one pl:it examined in the electron
microscops 1o date (Petunra. ven Went. 1970), morphological changes in one of
the two synergids precede the arrival of the polilen tube During normal function,
thns degenerated . synergid alone receives the polten tube and possesses the
t:mﬁdrty of transmitung the sperm into the egg and central cells However
:rnpart{at the synergid may be in these plants, a number of taxa in the subfamily
Plumbaginoideae (family Plumbaginaceae) lack " these apparently essential cells and
contrary to the normal condition n angiosperms, possess an egg apparatus
consisting of exclusively the egg cell Functions universal to flowering plants will
be expected to be present n these reduced megagametophytes, but the means
by *which synergid functions are transferred to other celis may provide nsight
nto essential functions of the synergid '

In the past. the absence of synergids in taxa within the Plumbaginoideae
has been used as evidence that the synergids are unnecessary for normal sexual
rﬂﬁrmtiﬁ‘! Maheshwari, 1950). on the presumption that normal  sexual
reproduction occurred in the Plumbaginoidese The events of gametic transmission
and nuclesr fusion however, h.iva not been reecrdad previcusly in ;ny of the
synergid—lacking taxa In the only previous observation of avents Felltlﬁg to the
mechanism of fertifization in the le‘;gmgldua, Dahigren (1916) identified and
illustrated sperm nuclei in both egQ and central cells of Plumbage/la micranths,
but abparently did neot observe nuclear fusion in the central cell Dahigren (19186,
Pg. 81) concluded "So genannte Doppelbefruchtung findet wahrscheinictt ;ﬁﬁ. n
' Pu(naag@ Zeylanica, sperm nuciei have been observed within the eQQ and central

cells, with subseluent nuclear fusion occurring to constitute the nuclear



complement of the zygote and mm Everts occurting during double
fertihzation in Plumbago appear essentally smlt 1c those reported in other
angiosperm taxa (Jensen 1964 Schuiz gd Jensen 1977

Although cytoplasmic geneficists have  long regarded that organelies éf
paternal origin  accounted for ce'rum patterns of non-Mendelian inheritance m
angiosperms  (Grun. 1976, Gillham, 1978). whether these organellar traits arise
from hergditary c:haractansin:s transmitted by sperm organelles. by the polien
wbe. or arise from some other genstic festure has remaned a sowce of

controversy among embryologists. The struciure. condition, and ultrastructure of

the sperm cytoplasm upon deposition in the Temale gametophyte s still largely
unknown In flowering plants Only three recent s\udies have reported observing
sperms  within the dégil:!éfitli. synergid (Cass and Jensen. 1970 Cocucei and
difulvio. 1969. Wilms, 1981) and in these cases. as m Ptumbago. the sperms
sopear to remsin ceflular until transmission  Arhong the number of embryological
accounts which have reported the ﬁaﬁéﬁ:ﬁsmissmgfcf sperm Cytoplasm, only -
Jensen and Fisher have pfciidaé any evidence which would suggest that any
sperm cytoplasm is shed prior to gamete fusion (Jensen and Fisher, 1968a thenf
Fig 19 20, Fisher and Jensen 1969 In Plumbago, the presence of paternally
cmglnitmg pl:stnels of probable sperm cngm In the egg and statistically sngﬁifrainf
cissimilarity of mitochondria surraundmg fﬁg newly transmitted sparm nucleus on
a papulatvan!l level with those of the polien tube central cell and 8gg and the
lack of such statistical dissimilarites between mitochondria surrouncing the newly
transmitted sperm nucieus and the sperm cell within growing pollen tubes indicate’
transmission of organelias originating within sperrn cells The numbers of plastids
lnd rmteehaﬁa-u within cealls of the fma gametophyte soon after gamete
fusion corroborate this mtnfpramncn (see Appendix 1) The mechanism of gameta
fusion proposed in this work (in thq following pages) and the degenarate
condition of :pollen tube cytéél;sm‘ mske the possibility of transmission of
vegetative cell (polleryorganelies highly uniikely. Further, there is na evidence that
any mitochondria near the l;ggn:m of gamete fusion are large enough to have
orignated in the pollen tube rather than. the sperm cell (Table 7 the maximum
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mitochondrial  width of any of the mitochondria measured within 05 um of
sperm nucleus was 288 um. the mmnimum mitochondrial width in the poflen tube,
.300 um, the 95 confidence intervals differ s;grufn:mtlyk. :

Although there s vyet no génetu: evidence relating to the sn.bsea;aﬁt
iﬁ'igﬂtmcg of heritable male Vﬁﬁﬁﬁhﬂﬁ nto  the later embryo and into futwre

generations, detailed observatioys of sperm cell cytoplasmic organelies near

stages surrounding gamete fusion permit an analysis of events during gamete
fusion, including - observations concerning the proportion of the sperm cytoplasm
which may be transrmtted nto the femasle reproductive cells durng this process
Savanl factors' permitting ith:s snalysis include i) the dimorphism between
organelies n male and fmé cells i) that these two classes of organelies may
be distinguished even after gamete fusion and fertiization. and i) that sperm
Eytcplasr‘mc organelies remain. at least for the time period covered in this study.
similar to those reported prgv@usly in the growing polien tube (Ch;;ter 3) The
most ﬁ@tawéﬁhy alterations ::cc:urrmg n the pollen tube include loss of the inner
&nd outer vegetative cell plasma rembranes with consequent loss of soluble
cgﬁmts_ of the sperm cell wall As a resuit the sperm plasma membrane is
directly exposed to its surrounding gnvironment. mcluding egg and central cell
plasma membranes and .the rapidly degenerating pollen cytoplasm Such a
modification of male gamete-associsted membranes with subsequent apposition of
male and female cell membranes was alsoc noted in spinach (Wilms, 1981) and
strengthens the possibility that disruption of vegetative cell membranes is a
genersl phenomenon in angiosperms which may ba required befors normal
gametic fusion may occur. Similarly, in the female gametophyte the cell wall of
the chalgzal part of the egg is disrupted just beyond the tip of the polien tube
(Chﬁtlf 5. Schulz and Jensen (1968) aiso noted that portions of the egg cel
wall were disrupted in iCapsgllg and invoked a machanism involving disruptiag of
the wall during p@ll&ﬁrtuba discharge which 15 similer to that described. in P
zeylsnica (Chapter B). A far more common situstion in the unreduced egg
apoparatys is for the egg to lack a continuous wall prior to gamete deposition

(Jensen. 1973) in P/umbago. upon the deposition of male gametes into the
. * !

LY
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embryo 3ac. each sperm bect:ma tightty ;:prassad to both the egg and central
cell plasma membranas Since the. ntervening inner  vegetative cell plasma
membrane s lacking. and organized cell walls are ether chsrupted or absent the
only materiails expected to be assocusted with the gamelc and central cell
surface would be thqse typically assocuted with the plasma membrane. thus the
. jnction between esach of the sperms and the egg and central cell constitutes
essentially a direct Wﬁ’f@if:mrﬂ contact Such a junction is visible n
sperm celis deposited in the embryo ssc observed prior to gamete fusion fFig
48-51) The membrane appositions and varisble distance ‘observed between
apposed membranes. bear strong Fesmtlma 1o membrane appositions reported
during cellular interactions of fusmg hsghgr plant protoplasts (Fowke and Gamborg.
1880).

What s the sequence of events during gamete fusion? Based on the
Observations presented in gk thesis. it appears that the process of gamete
fusion in P/umbago begins with the delivery of two single membrane-bound male
gametes between the plasma membranes of the egg and central cell The
geometrical location of the s;aerm cells batween the egg and central cell results
n the sperm cells becom-ng tightly appressed to the plasma membranes of both
of the female reproductive Gells  (Fig. 68A). Gamete fusion would Ic:én::lly be
expeﬂctod to begin at a single location on each sperm plasma membrane, as
shown in Fig 68B (arrowhead near SN, however, subsequent instances of
membrane fusion rapidly occur at multiple locations. a5 shown in Fig 688
(arrowheads nur\Sl/\J and Fig 68C (arrowheads near SN) Fusn:n membranas
"disorganize by progressive vesiculation of remainng sagr@nts of membrane (Fig
54. 55 68C) !solated membrane segments (ke those in Fig 54-56) are likely
composed of elements of both the sperm and the female cell involved
Vesuculatlon of fusion membranes may ba completed n Iass than five mmutis
following gamete fusvon In Fig 68C only a small remnant of the fusoan
membrane may be visible near the sperm nucleus in the egg (arrowheads near
SN, Even though sperm are surrounded. from their inception, by the inner

vegetative cell plasma membrane and more distantly by the outer polien plasma

{
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Reconstruction of gamete fusion in P. zey/anica

Drawing 68A. Sperm cells (5, and S;) located between the egg £) and
central cell soon: after discharge from the pollen tube (FT). Piasma
membranes of egg and central cell indicated - by uniabelled arrowheads:
heavy lines represent egg and central cell tonoplasts Sperm nuclei are
figoked by their cytoplasmic organelies, including mitochongria (M and
plastids @) Vegetative nucie® (VAV) is visible at the nght of the figure
between the egg and central cell. and is found within a layer of
discharged. degenerating” polien cytoplasm representéd by gray shaded
areas)

Drewing 68B. Gamete fusion 1s intiated by the fusion of the plasma
membrane of the sperm and one ot the two flanking female cells (see
arrowhead near S,) Fusion i1s completed at more than one site, as seen
N the egg larrowheads near S,) where a later stage of fusion is visible
Arrowheads in the egg indicate areas of fusion mtiation and regions
where the membrane 1s beginning to undergo progressive vesiculation

Drawing 68C. A later stage of gamete fusion wHere membranaes of the
sperm within the central cell are undergoing vesiculation (arrowheads near
SN.). httle evidence of disorganizing membrane systems i1s seen within the
egg cell (arrowhead near SN, Areas ef sperm cytoplasm which are
presumably sheared from the main body of the sperm cell rear the. time
of gamete deposition, are evident near the vegetative nucleus (at
unisbelled arrow) This drawing was traced from sections: shown in Fig
52, 53. 56, and i1s accurate in size scale, and locaton of nuclei  and
organelles, drawings 1 and 2 are stages postulated ' from the data
presented mn this study Approximately X 7,500. : : :
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membrane. The loss of these two membrane systems may be necessary for male
gametic transmission and is a feature in both of ﬂ'gkultfastruct;ﬁi studies in’

- which sperm have been described soon after gamnete delivery (Wilms. 1981
present studyl Functionally. the presence of these additional membranes would be
difficuit o reconcile with the axpm:ted symmetry of plasma msrrhrma fusion
durng transrmss»on of the .sperm Furﬂ\er membranes of the vegetative cell hiVE
no demonstrated capacity for genetically -grogrammed fusion :Mith the female
membranes. nor would they be ixpiet:éita "fussr with membranes of the splrrﬁ
38 would be necesssry for passage of spe}m from ﬂ'ﬂ vegetative cell
Considering the outcome of the continung presence of the vegetative m'é’*\
membranes. the sperm would have to be ransmitted through, or fuse with, two
additional membranes. Such a pattern of membrane fusion IS unparalieied n ot
fertihzation studies n other biological systems and seemns unlikely In angiosperms
n angiosperms  with an uveduced egg apparatus, the absencé of the plasma
membrane in the receiving synergid _;mrabwgyes the concept t:at the number of
membranes encountered during gamete fusion ‘may be reduced to a minimal
number | |

The role of normal " synergid degeneration in gametic transmission in normal
flowering plants, if any, may necessarily include the disruption of the synergid
plasma membrane and n‘tay also relate to the disorganization of membrane and
ceit wall layers surrounding the sperm In Plumbago. the presence of a
degenerating cell 1s not observed, but a specific, localized region of p-alkﬁ
cvt;plasrn degenerstion is noted between the egg and central cell. (see Chapter 5.
Fig 42 43 The rapidity of pcllc:ir-g-niﬁtmn is a characteristic of sexusi .
reproduction whoch Plumbago shares
(Jensen, 1973} Even though thg presence of unfused sperm within thg'pgrsistgﬁt

Mth the other angiosperms studied to date

synergid is sbnormal within angiosperms. their occurrance has been used as
evidence synergid degeneration may be related to the transmission of sperm
nuciei into the' egg and central cell (Mogensen, 1978) A specific mechanism by
whnch synergid degeneratoon effects gametic transmission. however, has not been

- reported.
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In the few accounts where the course of synergid degeneration is -
reported n entrety. it appears that the penetrated synergid lacks ‘a cell
membrane and wall, especially at the chalazal end of the degenerated synergid In .
caﬂiy‘\ (Jensen and Fisher. 1968a, Fisher and Jensen 1969), a2 plasma membrane -
15 lacking in the chalazal end af the degenerate synargid in chm*m;any—pr&uﬂ
materials. The degenerate synergid undergoes a variable degree of degradation
Prior té penetration and is beioévgd to gmée sperms to !pe chalszal end part of
the synerged i part hy differences mn the cytoplasmic consistency of thli}f
synergid and the location and direction of the s;btﬁ‘rﬂnﬂ paﬂm ‘tube aperture -
(Fisher and  Jensen, 19691  Although freeze-substituted prgprmans of
unpenetrated synergids did not display . conspicuous features of syngrgnggs
degeneration after polimstion (as® did thg chemically—prepared tns:sue). it wa§
observad that rnateﬁal from the pgnctrated syﬁerg:d was c:fteﬁ forced from that
cell regardiess of preparative technique used (Fisher and Jansan 1969). The only
electron micrograph of a newly— waﬁsmlﬁ’qa sperm nucleus in therr study was

Im::at&d in the egg near some chscharged polien :ytaplasm betwaen the " agg and

- persistent syﬁergnd (Fisher and Jensen, 1969, their Fig 8). thay da:d not discount
tha possibility of this region serving as a possible sae for nuclur ransmission.

In  spinach, electron mccra,@hs ;Cléarl'y show some of the da}Bl;\rggﬂ
polien cytoplasm and vegetative hm:lsusi overarching the egg (Wilms, ‘7981. .hig
Fig 18. According to Wims. a single instance of a binucleate sperm cell was
noted., “within- the penetrated synergid’. but the location g;f this sperm in  the
chalazal end of the synergid, where the synergid plasma membrane and cell w;ll
are lacking, makes this_account difficult to evaiuate Van Wents work on Pemma
(van Went, 1970), showed that the mtsgrty “of the synerg»d was dnsrq:tad after
polien tube pmtrman and that the discharged tube cytoplasm was often
observed between the central celi, persistent synergid and egg In Linum, the
products of synergid degeneration are frequently observed betwsen the persistent
synerged. egg. and central cell, even b:f@fs the arrival of the polien tube (Vazart
1969). Vazart further suggests that the region occupied by these degradation

products (rather than the synergid proper) constitutes the site of Mmale ganete
L)
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deposition and transmission Several additional studies Wote the breakdown of' the
degenerated synefgid plasma membrane and the echséquam loss “of cellular
mtegrity (including. Cocucci and Jensen, 1969b Maze and Lin, 1975 Mogensen,
1'972, Mogensen and Suthar, ;1573) Events reported during synergid - degeneration
rr{ay also be induced n cultured ovules by adding IAA and gibberellic acid -to the
megium (Jensen. Schuiz. and Ashton, 1977) synergh. degeneration occurring in
se cultured ovules is essentially identical to that which occurs in vixo

Clearly. in these plants the synergid is not intact following the arfval and

discharge of the "

1 Aube into the embryo sac and the presence of material
‘forced into intercliular spaces between swrounding gametophytic cells and the
ulimate position of ;—.g vegetative nucleus (Fisher and Jensen. 1969 Cass and
Jensen, 1970 Wilms, 1981) ‘suggests an unexpected degree of éumilgﬁ'ty with
the P/umbago system
The absence in penetrated synergids of a delimiting plasma membrane and
cell wall suggests ﬁ&ve pollen tube arrives in a region which shares
boundarias with the egg éﬁd central cell. which in this regard is similar to the
penetration region in P. zey/anica. Such a geometric organization of the 090+
apparatus would permit simultaneous membrane contact between éperm csui
membranes and the plasma membranes of the egg and central cell, a prerequisite
for gamete fusion: further. such simultaneous contact is a logical prerequisite for
possible gametic recognition The likelihood of simultaneous membrane contact
‘between the sperm and both the egg and central ceil may be further increased
by shr:nkaga iIn the degenerate synergid. which is a common occurrence in
penetrated synergids (Jensen and Fisher, 1968a Schulz and JQﬁSEh; 1968. wvan
Went, 1970; Mogensen, 1972, Wilms, 1981) or the occurrence of invaginated
,899 or central cell membranes into the synergid, as reported in degenerated
lsynergids of barley (Cass. 1981)
‘ The idea that synergid shrinkage may increase the possibiity of contact
between sperm and the femsle reproductive cells is further supportad by
.cxamiﬁmg the relative volumes of synergids. before and after fertilization and

comparing this to the volume of a sperm cell in a given taxon Using data



a

110

provided ry Jensen and Fisher (1968a) on freeze-dried paraffin sections of
synergids. 'the degenerated synergid shrank from an original volume at anthesis of

aboute 3500 um/ to a post-degeneration volume of 820 um’ within one day

after pollination (several hours after fertlization) According to Jensen and Fisher

some of the synergid shrinkage occurs before pollen tube arrival, but the
compietion of vacuolar collapse appears intimately associated with the entrance
and discharge of the pollen Wte The reported size of ‘the mature sperm cells
of cotton. 8 X 14 um (Jensen and Fisher, 1968b) woulgd yvglq a sperm volume
of approximately 230 urn’ each (see Appendix One for calculation techniques),
which could occupy between one-fourth and one-sixth of the volume of the
degenerating synergid upon gamete deposition into that synergid This would seem

to be such a large proportion of the volume of the degenerating synergid that *

" the occurrence of simultaneous membrane contacts between the sperms andw=

more than one of the female -reproductive celis may be favored Since
membrane contacts between the sperms and the other synergids are én[ﬁceiy

because of the typical presence of a well-defined cell wall between the two

synerﬁds these contacts would likely - occur between the sperm :nd the égg
A

and/or central cell An obvious imphcation of the large size of the sparm cells

relative to the degerating synergid and the organization of the norm egd
apparatus s that the presence of sperm-egg and spgrm-central cell junction2
without an intervening cell wall is possible and perhaps favored near the time of
polien tube receipt, particularly near the chalazal end of the dsgenerated synergid

It the position of the vegetative’ nucleus is assumed to indicate typical
patterns for movement of sizéable objects withing the penetrated far’nala!
gametophyte (Fisher and Jens®h. 1969), the consistent location of the vegetative
nucleus in chilual parts of the penetrated synergid in angiosperms studied to
date (Fisher and Jensen, 1969; Cass and Jensen, 1970 Cocucci :ﬁd diFulvio,
1969; van Went, 1970 or shghtly exceeding the pra panatrmcﬁ bauﬁﬂngs of
the synergid. Wims 1981) may suggest similar FﬁDVBl’ﬂEﬁt pnﬁerns may be trueA

for dnscharged sperm cells within the embryo sac Simultanecus membrdne

contact between sperm plasma membranes and those of both the egg and



central cell constitutes a minimal reguirement f"c:r a possible system of gamete
recognition at the membrane level in which each m has an individual, specific
target cell even prior to gametic deposiybn within thé embryo sac The
possibility. of this occurrence mn angiosperms| is a matter of tonjecture. however,

the presence of individually identifiable sperrh cells in Plumbago makes this plant

an |mpar‘tlnt subject for future research L attempt to ‘iﬂgntify whether
gametic transmission of sperm plastids which are predominantly present in only a
single sperm .cell {Chapter 4). are preferentisfly transmitted inmto either the egg or
central cell, Or whether such transmussion is random Prmy data ndicates
the presence of a significant number - of paternally-origingting plastids only in the
egg and zygéte mn three cases carefully examined to -.Ed.itgl(Fvg 53, 57. 60) and
strongly supports this possibility f such sperm cefi-specific fusions occur
between sperm and the egg “and central cell in P/umbago. ore 15 faced with
questions concerning the generality of such a cell n other more typical
angiosperms. While the morphological characteristics that make the synergidless
899 apparatus unique may be features sub;est” to rapid evolutionary processes, as
the general occurrence of synergid disruption during embryo sac function may
suggest, events at thedceliular level p;ﬂn:uhrly those relating to gamete function,
may be expected to remain subject to less rapid evolutionary change. The
possibility that sperm in normal embryo sacs may also undergo simultaneous
membrane contact between the egg and central cell. supports the likelihood that
celi-specific recognition events rgg:;l:téd at the membrane level are not restricted
to the genus P/umbago alone and may occur during double fertilization In other
aﬁgiaspérms,p It 1s thus possibie that any specific membrane changes occurring in
the egg or central cell of P/umbago as a result of prior gam;tg fusion may
render that cell unavailable for fusion with .8 second sperm cell preventing

polyspermy, but that a second garﬁat,a recognition event may be needed @

P PN
T

~ determine the fate of the remamning, unfused sperm
The majority of angiosperms studied to date have revesled sperm celis’
which are’ identical in ultrastructural organization, but if the same type of dparm

cell polarity and association with the vegetative nucleus occurs n other plants as
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has been seen in Plumbago. differences mn sperm cytoplasmic' structure in aﬂnr
flowermng plants may simply be more subtle The possibility that dif ferentiation of

sperm cells 1s 3 relatively advanced_ evolutionary characteristic must also be

considered. and if valid would t plants 1N which the " sperm are not

individually recognized would - lik r’gﬁrsfﬁt the ancestral condition in fléiwtring
plants In these ancestral plants 1t ngﬁ be expected that gamete fusion occurs
by a mecharism smilar to that described by Jensen (1973) in which g:ngt;
fusion “with either the egg or central cell causes ﬁwt cel to become lﬁ:mh
of further fuau;on events, and therefore thet the rmq Sperm s tranemitted

to the opposite female cell



VIl. Summary and Conclusions

in smy Plumbago zeylanica L possesses one of the most hghly
reduced femasie gsmetophytes i angiosperms émsistmg of vf'w-: cells - only .twé
of which &ectly participate in fBi;tIhISt!@ﬂ The absence of synergds,
characteristic of this s;t:fi;‘mly, 1s mndicative of a transference of \??B(Qié
functiong to Yhe egg which is expressed in the structure of the egg The egg
located at the / macrgpyl;ﬁqnd of the g:ﬂgtophyte has numerous cell owall -
mgrowths md mitochondria reﬂ%c:tuve of a. higher physnak:gn:al ax:tnnty than that
displsyed to date in ‘angiosperm eggs within urreduced embryo sacs Unlike
typical lngoosporrm the pollen tube of Plumbago grows through egg cell wall
ingrowths terminstes growth, and dischargas its contents, two male gametes. a
vegetative nucleus and some polien Cytoplasm. directly between the egg and
centrat cell Since one complicating factor in elugidating the fate of the sperm
Cytoplasm has been the presence of the synergid Cytoplasm. a thorough study of
the ultrastructure of the male and fémﬂe gametophyte of PFP. zey/anica was
undertaken 1o contribute to an understanding of the structural basis for genetic ‘
transmuission of plastids and mitochondria in flowering plants .

Thd® mature maie gametophyte consists of three E:ells ncluding two sperm
cells with a normal complement of organelies and a vagetat:ve cell with a
polymorphic. lobed nucleus Within indentations of the vegetative “hucleus is
associated a long. slender celliular projection of one of the two iﬁﬂ'r’ﬁ' cells,
which s the structural basis for the association of sperms and vegetative
‘nucleus throughout pollen tube growth The second sperm s connectsd to the
first by a cell wal.l with plasmodesmata. and the internal pollen plasma membrane.
The cohtent of organelies within sach cell is somewhat variable however the
majority of plastids are consistently found in the second sperm call, whereas the
opposite is true of mitochondria Serial reconstruction of 22 pared sperm caells
reveals that plastid content in the second sperm may vary 'fram 8 to 46,
mitochondria, from 22 to 52. the g;h(pr sperm cell contains 0 to 2 plastids
(usuallly none). and from 154 to 319 mitochondria Several possible microbodies

were noted, but in most cases weres found in the second sperm cell The basis

13



of this asymmetric distribution of heritable organelles (and possibly ma'abad-es
also) appears to originste in the generative cell The polarity of this distribution;
e the predominance of mitochondria n  the sperm associated with the
vegetative nucléus and plastds the other sperm. was consistent n each of the
more than 50 pollen grains exgrmned m this study’
‘ During polien tube g'awth this association continues. but becomes iocoser
and the sperm cell wall decreases in thickness The polien tube enters the ovule
through the mcropyle. displaces several nucellar celis, pensirstes the eggs
filiform apparstus. and compietes growth between the egg and central cell st a.
region of strong curvatre of the ®gg ceil wall 70 té 80 um deep within the
.embryo sac There, a terminal aperture forms and the pollen tube contents
mcluding two sperms, the vegetative nucieus. and a hrwted amount of polien
Cytoplasm. are released Near or during poilpn tube discharge. the egg cell wall
becomes disrupted. the outer and inner vegetative cell membranes are lost the
sperm -cell wall apparently dissipates. and the sperm plasma membrane becomes
tightly appressed to the plasma membranes of the ;a"ég and central cell Gameata
fusion s nitiated. 1n each sperm cell at a single location in the plasma
membrane. but s completed at several locations as evidenced by the prasence
(and  thus ngn—m«:s:ipjatmm of fusion membranes within female cells Rermnant
fusion mﬁranas uridergo rapid vesiculation following- gaméta fusion and are
quickly disorganized. Initially, the organelies of each sperm ceil are clearly evident
following gamete fusion in the egg and central cell. associated with the periphery
of the sperm nuciei These organeiies may be ﬁmﬂﬁd by morphoilogy and
location within the embryo sac. Nuclear fusion occurs on the closest side of the
ogg and central cell with respect to the polien tube ;gr’tura, and 15 similar to
the process described in other angiosperm taxa Unfused cytoplasmic bodies.
lacking nuclei but possessing mitochondria and other organelles. are probabie
remnants of the sperm cell projection disrupted during gamete daschrgg, and
reman between the egg and central cell, presumably degenersting with trme The
vegetative nucleus degenerates rapidly between the egg and central cell nesr the

summit of the egg



T
in terms of its structure and function. the egg of Plumbago represents an
€gg apparatus which has been reduced to a_single cell Similar ‘to a synergid n

terms of its structural organization and phy iolagical state (as reflected by its

ultrastructure) the egg of - Plumpago Jf;:fzﬁnes mn s outer surface ﬂﬁe
Characteristics of gamete dehvery, pcssessmg E:ﬁiﬁSFit;tgd regions wathin its
unction with the central cell ﬂm may determine the behavior and distribution of
cells and nucler troduced mto this region. and mediates the passage of the
Sperm nucieus Nto its cytopiasm Unhke a synergd. ﬁ-ggdagsnm undergo
internal  degeneration. sithough degeneration of the polien cytoplasmic contents
Qcﬁrs at the eggs exterior. the egg does not dir!v;*?y raceive ﬂg poltan tube;
and it funhctions ﬂ-rggtiy as a gamete Subsequent research concerning. the
sigmficance of asymmetric distribution of plastids’ and mitochondria may reveal a
mechamism for conservation of paternal plastids in the embryo. the occurrence
of genetic ' transmission of organellar heredity into the offspring, and additional
capsbilies of the egg of P. zey/anica with respéét to gametic recognition

’ 4
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Appendix 1. Morphometry of Sperm Cells

introduction

Before an understanding of the importance of male cytoplasmic
transmission 1s possible. there must emerge a clear »deé-of. how many organelles
are transferred to the female reproductive cells during gamete fusion, in an
attempt to determine whether it appears to be a significant number in
comparison with me.OrganeHes originally present in the egg and central cell In
Chapter 4. the absohte quantity of mitochondria, plastids. and microbodies in
each sperm ceil was , determined by serial ultrathin sectioning over 50 polien
grains simultaneously. After more than 320 serial sections were taken and
mounted, 1t was possnbla to count the number of organelles in 11 pars of
sperm cells (22 sperms) the total number of prganelies represented an actual
count, r than an estimate However. 1t 1s evident that not all sperm
organelles are transmitted during gamete fusion, as some mitochondria of sperm
orign appear to remain untransmitted in the female reproductive cells. found in
me-Md Cytoplasmic bodies between the egg and central cell {Chapter
6) |

Reconstructing the site of gamete fusion in the female gametophyte by
seral ultrathin sections would be the most accurate techmque of determining how
many organelles of sperm origin_enter the egg and central cell, but identification
of certain organelies, particularly mitochondria. would be difficult under the best
of circumstances Distinguishing sperm mitochondria from those of maternal orig]n
on the basis of populational differences in mitochondrial width would be
mpossible if too much time had elapsed since gamete fusion: the circumstances
under which one could observe paternal organelles near the sperm nuclei are
likely to be transient

A more practical alternative to this procedure would be constructing a
mathematical model of sperm morphology with the capability of predicting how
many male organefles are actuslly present in female cytoplasm based on the
number observed .in selected sections. In brief. this technique (explained in
greater detail on ) /tcms‘wmg pages) would be based on 1) determining the

frequency of mitochondr\e or plastids in a given volume of sperm cytoplasm 2)



csiculating’ the frequency of organelies in selected sections of newly transmitted

sperm nucler with associsted paternal organelles, 3) calculating the total number |

of organelies based on their expected density in sperm cytoplasm The validity

of this technique can then be examined for accuracy by using a selected section-

of a given sperm cell from Chapter "4 (for which an absoiute organelle count is
avalable) and comparing the predicted total number of organelles in the sperm

cell wuth the actual number of organelies determined by serial reconstruction

A Celiuisr Mathematical Modal
The following model assumes that spindie shaped sperm cells may be

represented by two cones joined at theirr bases and that the height and widwh of
%

the union of these two cones g the same as that of ~sperm cells The nucleus

s represented by a sphere of the same dimensions aﬁa approximate volume as

the sperm nucleus =

Mathematical equations
Given two cones united at their bases. the equations_ relating to its volume
are as follows .

Total sperm volume = 2/3 + <PI> « {fS)' « hS

= 1/3 = <Pi> « {8) « |§

Where:

hS = height of one cone
IS = length of model
rS = radius of cone base

as foliows
Nuclear volume = 4/3 + <Pi> + (N)!

Where:

The volume of the sperm nucleus, reprasented as a sphere is caiculsted



r
Ln

‘N = sphere radius

The volume of the sperm cytoplasm may be Fepresented by subtracting
nucliear volume from the total sperm volume . :

, The volume of the median,longitudinal section is then calculsted as the
volume of a rhomboid of the same iength and width as the sperm cell and has
a thickness dentical to section thickness Volume of the rhomboid may be
calculated as follows: ‘

W+ L » ST

Volume of sperm in section = 1/2
Where:

W = width of rhomboid
L = length of rhomboid
‘?t-n ST = saction thickness

The nuclear volume within the section 15 then represented a& a disc of
thickness identical to section thickness

2/3 » <Pi> » N' s ST

Volume of nucleus in section
Where:

™ = nuclesr radius

The volume of the sperm cytoplasm in the median longitudinal section may
then be determined by subtracting the volume of the sectioned nucleus from the
total volume of the sectionead sperm. The volume of the sperm projection
associated with the vegetative nucleus i1s represented by -a cylinder of length and
width similar to that of the sperm cell and may be calculsted as foliows

%

Volume of cylinder = 13 = <Pi> » (rS) « IS

Organeliar frequency per volume may be determined using the number of
organelies in a median longitudinal section of the sperm cell Organellar fraquency
i calculated as follows - ~

Orgsneliar frequency = (¥ Or nelies) *+ ST / Do
Sectional Qiuf,ﬂl of sperm cytoplasm

Where:

Do = orgsnelle aversge diameter



The organellar content of the sperm cell may then be calculated using the
following formuise .

Main sperm cell body

x

Organellar content = j&g nellar__frequency) « Total volume
ectional volume of sperm cytopiasm
Sperm cell projection
'Y
Organelisr content = Orgenellar frequency * Cylinder voluma

Then total organellar content may be calculatsd as
b |
Organellar content (sperm body) + Organelisr content (sperm projection)
Samp/e daa and analysis.
Assumae. . . .

IS = Sperm length = 8 um

dS = Sperm diameter = 4 um

rS = Sperm radius = 2 um

dN = Nuclear diameter = 3.5 um

N = Nuclear radius = 1.775 um

ISP = Sperm projection length = 30 um
dSP = Sperm projection diameter = 2.1 um
rSP = Sperm projection radius = 1.0% um

Each of these represents values which occur in sperm cells, and which are close
to the average values given in Chapter 3 Next. assume the following values for
data from a given median longitudinal section of a sperm celi.

Number of mitochondria visible = 28

M =
wM = Mitochondrial width = 2864 um

ST = Section thickness = 60 nm

These yslues are taken from alectron: micrographs. of sections which have a
silver to golid interference refiection color during gaﬁt@mn!?, and were therefore
assumed to be approximately 60 nPmM n  thickness. The dismeter of the
mitochondria is based on mitochondrial width in sperm calls observed within
pollen grains at anthesis (Table 7) The resulting calculations are as foliows

Organellar frequency = 10.61 mitochondris / um’
Organelles in sperm body = 174.29 mitochondria
Organelles in sperm projection = 80.93 mitochondris
Organslies in whole sperm cell = 25522 mitochondria



Documentation for the program on the facing page

Program keys:

INITIALIZE
PROGRAM

CHANGE

Sperm

Width
{um)

Section
Thickness

CHANGE
Drg;nau-

Diameter
am)

Memory structure:

Register
Register
Register
Register
Register
Register
Register
Registar?®
Register
Register
Register
Register
Register
Register
Register
Registar
Register
Registar

-y
\M‘ [N ] _.. ‘Q m D n‘ m :b 1w m wJ I LT LI Y

Sperm length IS

Sperm radius = r§ = "1/2
Sperm nucleus radius = rN
Section thickness = ST

# of organelies in section
Organelle diameter = dO.
Total sperm volume
Nuclear volume

Sperm cytoplasmic volume

1

“dS
= 172 » oN

Volume of sperm in section
Volume of nucleus in section
Volume of sperm Cytoplasm in section

Frequency of organelle
Organeliar content in entire
Sperm projection length
Sperm projection width

sperm cell

Volume of sperm projection
Organellar content in sperm projaction
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Table 10: A program (designed for a progammable Hewistt Packard
calculator) to calculate the number of organelles or other subcellylar objects
within a spindle shaped sperm cell based on organelle number in a2 median
longitudinal section.

1 #BLa 45 GTOe 89 GTOe 133 ENTI V77  GTOe

2 RIS 46  R/S 90 GT02 134 ° RCL1 178 R/S

3 sTOM 47 STO6 91 «BLD 135 X 179  STO1

4 X<@? a8  x<0? 92 STOS 136 RCL4 180 Xx<@’

5 GTOe 49  GTOe 93  x<@’ 137 X 181 GTOe

6 RIS 50 GTOA 94 GTOe 138  STOA 182 BNT)

7  ENTI 51 «LBLB 95 GTO3. 138 2 183 2

8 2 52 STO1 96 wBlLd 140  ENTI 184 -

9 - 53  X<@’ 97 STO6 141 3 185 X3

10 STO2 54 GTOe 98 X<@> 142 - 186 2

11 X<0? 55 GTOA 99 GTOe 143  RCL3 187 X

12 GTOe 56 «LBLb 100 GTO3 144 X2 188 3

13 R/S 57  ENTI 101  =LBLA 145 X 189 -

14 ENT 58 2 102 1 146 Py 190 Py
15 2 59 - 103 ENT 147 X 191 X

16 - 60 X<@? 104 3 148 RCL4 192  RCLO

17 STO3 61 GTOe 105 - 149 x 193 X

18 X<0? 62 GTOA 106 Pi 150 STOB 194  ST02

19 GTOe 63 «LBLC 107 X 151 CHS 195  p=§
20  R/S 64  ENTI 108 RCL2 152 RCLA 196 RCL
21 ENTI 65 2 109 X: 153 o 197 1/X
22 1 66 - 110 X 154 STOC . 198 X
23 0 67 ST03 111 RCLY 155  «LBL3 198  RCLD
24 ° 68 X<0? 112 X 156 RCL5 200 X
25 o 69 GTOe 113 STO7 . 157  ENTI 201  p=s§
26 - 70 GTOH1 114 wBL1 158  RCLC 202 STO3
27 STO4 71  wBlLc 115 a4 159 - 203 =S .
28 1/ 72 ENTI 116, ENTI 160 RCLA 204  PSE
29 RCL2 73 1 117 3 161 X 205 RCLE
30 X 74 0 118 - 162 RCL6 206 +
31 5 75 0 118 - Pi 163 © = 207 RIS
32 - 76 0 120 X , 164 STOD 208 GTOa
33 x<@? 77 - 121 RCL3 165  PSE 209 «lBle
34 GTOe 78 STO4 122 X 166 RCLY 210 9
35 RCL4 79 /X 123 X 167 X 211 9
36 ENTI 80 RCL2 124 RCL3 168 RCLC 212 9
37 1 81 X 125 X 169 - 213 9
38 - 82 5 126 STO8 170  STOE 214 ,
39  X>0? ,83  x<@? 127  RCL7 171 RIS 215 9
40 GTOe 84 GTOe 128 - 172 GTOA 216 9
41 RCL4 ‘85  ENTI 129 CHS 173  wBLE 217 RS
42 RIS 86 1 130 STOS 174  P=s 218 PREG
43 STO6 87 - 131  »BL2 175 STO® 219  RIN
44 x<@? 88 X>o? 132  RCL2 176 Xx<0? .
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) Tmﬂmm&mtmhvsldﬁy of the techmque: however, the
fact that these represent data that is not far from the average values for lengt
and width of the sperm cel body ahd projection suggests that this
fpproximation s reasonable The number of Calculsted organelles mn the
mathematical model compares favorably with the average figures for mitochondria
n serislly reconstructed sperm ceils icf. Table 3) .

The structwre and simplicity of the mathematical model lends itse!f readily
to use of pocket caiculstors and is easity programmable Table 10 illustrates a
program generated for a Hewlett Packard calculator Instructions for use of the
program are given on the facing page The data given in this ssection ware
designed to give data on organelle numbers that was similar to those seen in
actus! data from Chapter 4 In order to get these figures only the two most
Questionable parameters were ahtered namely sperm nuclesr diameter and the
thickness of the sperm projection In my opmion the sperm nuclear diameter
Was' appropriale becsuse an elhpsowdsl model based on real nuciear dimensions (3
um X 6 uml gives a volume of 2833 um' the model's spheroidal volume was
Caicuisted as 2347 um’ (The behaviour of either huclesr model 15 very sengitive
- 1o the radws or serm-axes calcuisted as these values are eaither cubad or
squared, respectively. to determine the volume) The diameter of the sperm
projection varied from 05 to 25-30 um depending on location relative to the
sperm cell body The fact that the diameter of the sperm projection had to be
eéxaggerated somewhat beyond the expected average projection diameter most
probably relates to problems n identifying location at which the sperm proptthon
begins relative to the sperm body Mitochondria near the sperm cell body tended
1o be included i the organelle counts of the sperm cell body rather than in
those of the sperm cell projection, thus, the original data may have had a

systematic source of error .



