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INTRODUCTION

Fertilization in red algae is achieved by fusion between a
non-flagellated spermatium, liberated from a male gametophyte,
and a trichogyne, the specialized process of a carpogonium (egg
cell) formed on a female gametophyte. The occurrence of amoeboid
movement in red algal spermatia has frequently been noted (Dixon
1973), so it is difficult to exclude chemotactic processes 1in
gamete recognition in red algae. However, it is probable that

taxon- and organ-specific recognition and attachment between red

algal gametes are principally governed by the adhesiveness of the

e cell surface structures of the gametes (Dixon 1973, Kim & Fritz
. é 1993). Therefore, red algal gametes provide good material for

é studying specific cell-to-cell adhesion.

Several other physiological events are also indispensable

for fertilization processes in red algae. Following successful
attachment of a spermatium, localized cell wall breakdown of a ;
trichogyne must occur before cytoplasmic fusion of the gametes.
The male (or spermatium) nucleus that invades from the attached
spermatial cell must migrate scores of micrometers inside the
trichogyne toward the base of the carpogonium where it can fuse
with the carpogonial nucleus. It has been reported in previous
light microscopic studies (Grubb 1925, Fritsch 1945, p.596, Drew
1951, Magne 1952, Mumford & Cole 1977) as well as in TEM observa-
tion (Peel & Duckett 1975) that the spermatial nucleus is appar-
ently arrested at certain mitotic stages. It has also been re-
ported that spermatial nuclear divisions are ordinarily completed

after the attachment of uninucleate spermatia to trichogynes in :




some red algae (see Fritsch 1945, p.597 for references).

Thus, fertilization in red algae includes many interesting
processes for cell biologists and detailed ultrastructural stud-
ies of these events are also required (Pueschel 1990, p. 31).
There are a number of reports on the ultrastructure of spermato-
genesis and released spermatia as well as on the postfertiliza-
tion development of the diploid carposporophyte (see Pueschel
1990, pp. 31, 32 for references). In contrast, studies on the
attachment and fusion of spermatia to trichogynes are mostly
limited to light microscopic observations.

Scanning electron microscopy (SEM) in Aglaothamnion (Magrud-

er 1984) and Bangia (Cole et al. 1985) shows that spermatial
appendages are specifically bound to the receptive surface of
female gametes. There are a few ultrastructural studies on these
events using transmission electron microscope {TEM),: &.8Vy*TEM

observations on field-collected Porphyra (Hawkes 1978) and TEM

figures of “trichogynes' before and after fertilization in Polysi-

phonia (Broadwater & Scott 1982). There have been no TEM studies

on time-course changes in attachment and fusion of red algal o
gametes.

The lack of such information may be due to the difficulties
in obtaining sufficient numbers of mature carpogonia in the red
algae except for the bangiacean and the palmariacean algae. In
the female gametophytes of the bangiacean algae, e.g., species of

Bangia and Porphyra, almost all cells of the fertile portion on

the thalli develop into carpogonia as judged by the formation of
zvgotosporangia (e.g., Hawkes 1978, Cole'et al. 1885). This

advantageous feature is one of the reasons that Porphvra gardneri




is the only species in which the ultrastructure of the fertiliza-
tion process has been investigated (Hawkes 1978). There remain,
however, certain problems concerning synchrony in carpogonial
maturation. It seems difficult to distinguish mature unfertilized
carpogonia from immature or vegetative cells before spermatium
inoculation. Therefore, experimental studies using a sufficient
number of simultaneously-matured carpogonia may be dgiffiecalt in
these bangiacean algae.

On the other hand, the palmariacean algae exhibit a unique

life history in which haploid tetraspores develop into either
macroscopic male gametophytes or microscopic female gametophytes
(van der Meer & Todd 1980, van der Meer 1981). Fertilization in
: these algae has been observed between spermatia liberated from
the male macrothallus, and a sessile carpogonia formed on the
microscopic female germlings. Using these algae, it is possible
to obtain a number of simultaneously-matured carpogonia on dwarf
female germlings and, consequently, the palmariacean algae pro-
vide a good experimental system for studying fertilization proc-
esses in red algae.
Along the Japanese coast, the palmariacean life history has

been demonstrated in Palmaria palmata O. Kuntze (Deshmukhe and

| Tatewaki 1990) and Halosaccion yendoi I.K. Lee (Mine and Tatewaki

1993). For the reasons mentioned above, I have chosen these
palmariacean species for studies on fertilization processes in
red algae. In this thesis, I present the results of recent mor-

phological and cytochemical studies of fertilization in Palmaria

palmata that will provide fundamental information for further

investigation on mechanisms of fertilization processes. I de-




scribe detailed observations on spermatogenesis, liberated sper-
matia, trichogynes, and the attachment and fusion of these ga-

metes of Palmaria palmata using light and epifluorescence micro-

scopes and TEM. Several cytochemical properties that concern

cellular events of fertilization are also investigated. In addi-

tion, intergeneric fertilization with Halosaccion yvendoi has been

attempted in order to examine taxon-specificity in the attachment

and fusion of gametes.
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MATERIALS AND METHODS

Preparation of male and female gametes, and spermatium inocula-

tion

Mature sporophytes and male gametophytes of Palmaria palmata

were collected from January to June of 1991, 1992 and 1993 at

Charatsunai, Muroran, Hokkaido, Japan. The species of Palmaria

used in the present study has been identified as Palmaria palmata

0. Kuntze (Lee 1978, Sakai 1986), although the former author
later decided that the northwestern Pacific Palmaria species

previously known as Palmaria palmata is distinct from the Atlan-

tic Palmaria palmata (see Hawkes & Scagel 1986). It was suspected

that the northwestern Pacific ’'Palmaria palmata’ is conspecific i

with Palmaria mollis van der Meer et Bird (Hawkes & Scagel 1986)

and this was supported by a recent life history study on Japanese

'Palmaria palmata’ (Deshmukhe and Tatewaki 1990).

In spite of these arguments, however, the identification

of the Japanese ’'Palmaria palmata’ requires further taxonomic

investigation including cross hybridization with northeastern

Pacific and Atlantic Palmaria species. Therefore I adopted Pal-

i maria palmata as the taxonomic name of the present experimental

material.
i The field-collected materials were immediately transferred

to the laboratory and kept at 7-10°C. The culture medium used was

- ASP,oNTA (Provasoli 1963). Artificial seawater (ASW) was 450 mM
] NaCl, 30 mM MgCl,, 16 mM MgSQOy, 10 mM KC1, 10 mM CaCl,, and 8.25 ﬁgg§
. mM Tris-HC1l (pH 7.8). .
K%i A small piece (ca. 10 cmz) of fertile sporophytic thallus




i

was excised, incubated in 5 mL filtered seawater on a rotary
shaker for up to 1 h, and removed. Released tetraspores were
pelleted by hand centrifuge and suspended in 5 mL medium. These
spores were diluted to give a suspension of 4000-12000 spores per
nL, medium. This suspension was dispensed in 25 pL aliquots, each
containing 100-300 spores, on individual coverslips and incubated

_2-3_1, continuous

in a humid atmosphere under a 45+5 pmole-m
light provided with cool white fluorescent lamps. After 24 hy 25
nl, medium was added to each coverslip.

Under these conditions, attached spores divided twice in two

days and nearly half of them became fertile female gametophytes

bearing a sessile carpogonium with a trichogyne. Fertilization
experiments were conducted using coverslips with 3-5 day-old
germlings on which more than 80% germination was confirmed.

To obtain spermatial suspension, a small piece of fertile
male gametophytic thallus was excised, wiped with tissues in
filtered seawater, incubated in 5 mL medium or ASW on a rotary

shaker for up to 2 h, and removed. The remaining suspension of

spermatia was immediately used for following experiments. i
A spermatium inoculation was carried out by agitating a
coverslip with tetraspore germlings in 500 pL of spermatial Yo

suspension for 15 min. Coverslips were then washed by pipetting 5
: 10 times with ca. 3 mL of medium or calcium—-depleting ASW (ASW

without CaClZ added with 1 mM ethylene glycol-bis(beta-aminoethyl

ik

ether) N,N,N’N’-tetraacetic acid (EGTA)) to remove indirectly
entangled spermatia, and incubated in medium. Samples were fixed

for DNA fluorescence microscopy or TEM observation immediately

after and 5, 15, 30, 45, 60, 120 and 180 min after the onset of




spermatium inoculation.
Fluorescence microscopy

For DNA fluorescence microscopy, samples were fixed in 1%
glutaraldehyde in ASW for more than 1 h, at 4°C, After rinsing
with ASW, the samples were stained with 0.5 pg°mL—] 4’ ,6-diamidi-
no-2-phenylindole (DAPI) in ASW for 1 h, rinsed with ASW, and
mounted in 1:1 mixture of ASW and glycerol. Observations were
carried out on Olympus BH2-RFK epifluorescence microscope using
"U-excitation".

For cell wall staining, 1% (w/v) calcofluor white MZR
(Fluorescent Brightener 28; Sigma, St. Louis) in ethanol was
added to the medium to give a final concentration of 1-10
pg-mL_l, applied to specimens without fixation and examined
immediately with the same epifluorescence microscope as above.
Photographs were made with Neopan F (Fuji Photo Film, Tokyo) for
non-fixed and DAPI-stained samples and Kodak Tri—-X for calcofluor

staining.
Preparation for TEM observation

Fixation for TEM was conducted at room temperature unless

% otherwise indicated. Method A. Samples were fixed in 3% glutar-

; aldehyde, 2% NaCl in 0.1 M cacodylate buffer (pH 7.2) for 60 min.
After rinsing with buffer containing NaCl, the samples were then
postfixed in 2% osmium tetroxide in buffer containing NaCl for 30
or 60 min. The postfixed samples were washed in the buffer con-

taining NaCl, rinsed with distilled water, and soaked in 2%

aqueous uranyl acetate overnight. The samples were then dehydrat-




e

ed in acetone, and embedded in Spurr’s resin (Spurr 1969).

Method B. Samples were fixed in 3% glutaraldehyde, 0.3 M
sucrose in cacodylate buffer for 60 min. After rinsing with
buffer containing 0.3 M sucrose and buffer solutions with dimin-
ishing sucrose concentration, the samples were washed in buffer
and postfixed in 2% osmium tetroxide in buffer for 30 min. Post-~-
fixed samples were directly transferred to 50% acetone and soaked
for 5-10 min. The samples were then incubated in 2% uranyl ace-
tate in 70% acetone for 90 min, dehydrated in acetone, and embed-
ded in Spurr’s resin.

Method C. For preservation and enhancement of the spermatial

covering and trichogyne coat, a modified method of Luft (1971)
was used. Samples were fixed in 2:1 mixture of 0.1 M cacodylate
buffer containing 3% glutaraldehyde, 2% NaCl and ruthenium red
stock solution (1.5% in water) for 60 min. After rinsing with
buffer containing NaCl, the samples were then postfixed in 2:1
mixture of buffer containing 2% osmium tetroxide, 2% NaCl and the
ruthenium red stock solution for 120 min. The postfixed samples
were washed in buffer containing NaCl, rinsed with water, and
soaked in 2% aqueous uranyl acetate overnight. The samples were
then dehydrated in ethanol, and embedded in LR white resin
(London resin, Hampshire).

Method D. To observe the spermatial covering during sperma-

togenesis and further enhance the trichogyne coat, the following
method was used. Samples were fixed in 0.1 M cacodylate buffer
containing 3% glutaraldehyde and 2% NaCl for 2Vh-at 4°C. The 'sam-

ples were then washed in buffer containing NaCl, rinsed with

water, and dehydrated in ethanol, and embedded in LR white resin.
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Method E. Observations of membranous structures in the tri-

chogyne cytoplasm were made on specimens postfixed with osmium
tetroxide along with potassium ferricyanide. Briefly, specimens
were initially fixed as by method A and then postfixed in osmium
tetroxide plus 0.8% potassium ferricyanide in buffer. The en bloc
staining with uranyl acetate was omitted.

Resins were polymerized at 70°C overnight. Thin sections
(90-100 nm thick) were cut using a diamond knife on a Porter-Blum
MT-1 ultramicrotome, stained with lead citrate (Reynolds 1963),
and observed with a Hitachi H-300 transmission electron micro-
scope. The sections of the samples prepared by method D and E
were stained by both uranyl acetate (4% in water) and lead cit-

rate.

Cytochemistry

Compounds containing vicinal glycol residues were cytochemi-
cally localized by the periodic acid-thiocarbohydrazide-silver
proteinate (PATAg) test according to Roland and Vian (1991).
Specimens for cytochemistry were prepared by method A for elec-
tron microscopy as above without en bloc staining with uranyl

acetate.

Comparative spermatium inoculation and estimation of gamete

attachment

To estimate the effect of pretreatment of gamete surfaces on
gamete attachment, comparative spermatium inoculation experiments

were conducted. Pretreatment procedures were described below and

spermatium inoculation (5 min) was carried out as described above




using pretreated and control gametes. After washes with calcium-
depleting ASW, samples were then fixed in 1% glutaraldehyde in
ASW for more than 1 h at 4°C. After rinsing with ASW, the samples
were mounted in a 1:1 mixture of ASW and glycerol, and the num-
bers of trichogynes and attached spermatia were determined under
a light microscope.

Gamete attachment was estimated by counting the number of
attached spermatia divided by the number of trichogynes grown on
the coverslip inoculated with spermatium (designated ’sperma-
tia/trichogynes’). In an experiment, tetraspore germlings derived

from the same tetraspore suspension were used in both control and

experimental duplicate coverslips and they were inoculated simul- 1";”;

taneously with spermatia from the same spermatial suspension.
Enzymatic treatment of spermatial covering

The spermatial suspension harvested as above was diluted
with ASW into 200 spermatia per plL suspension, mixed rapidly with
an equal volume of ASW containing a proteolytic enzyme and kept
at room temperature. Proteolytic enzymes used were Pronase E
(Protease Type XIV; Sigma Chemical Co., St. Louis), trypsin (Type
IX; Sigma), and papain (Wako Pure Chemicals, Tokyo). At the time
of measurement, a small part of the mixture was mixed with 1/5-

| 1/20 volume of India ink (Pellikan AG, Hanover) and the outer

] diameter of the transparent covering which excluded India ink was
measured on 10 cells under a light microscope within 5 min. The
thickness of the covering was calculated by subtracting the

average cell diameter (5 um) from the measured outer diameter and

dividing by two. A stock solution of phenylmethylsulphonylfluo-




ride (PMSF; Wako; 0.2 M in ethanol) was added along with trypsin
in some experiments.

When enzyme-pretreated spermatia were used for spermatium
inoculation, the pretreated spermatia were washed 3 times by
centrifugation (1,500 X g, 5 min) followed by resuspension in
ASW before inoculation onto non-fixed trichogynes. An approxi-
mately 8 X 105-fold dilution of the enzyme was made after these
washes and an equal amount of enzyme remaining in the pretreated
inoculum was added to the control immediately before spermat ium
inoculation.

If fixed spermatia were subject to enzymatic treatment, the
harvested spermatial suspension was mixed with an equal volume of
2% glutaraldehyde in ASW, incubated for 30 min at 4°C, and washed
3 times by centrifugation followed by resuspension in ASW. Washed

samples were diluted and treated with an enzyme as above.
Periodic acid oxidation and reduction

Tetraspore germlings prepared as above were fixed in 1%
paraformaldehyde in ASW for 30 min at 4°C, and washed in ASW 3
times. Samples were oxidized in 10 mM periodic acid in ASW con-
taining 8.25 mM maleic acid (pH 4.0) for 5 min in the dark at
room temperature, washed in ASW 3 times, and reduced in 0.1%
sodium borohydride in ASW (pH 9.4) for 10 min in the dark. Two
different controls were employed. One percent hydrogen peroxide
was used in place of periodic acid for non-specific oxidation,

and in the second control, reduction alone was used.

Viability test




The viability of spermatial cells was examined by both
exclusion of Evan’s blue (Taylor and West 1980) and fluorescence
generated by hydrolysis of fluorescein diacetate (FDA; Sigma;
Heslop-Harrison and Heslop-Harrison 1970). Stock solutions of
Evan’s blue (ca. 5% in medium) and FDA (2 mg-mL'_l in acetone)
were added to cell suspensions to make final concentrations of
ca. 0.5% and 4 ug-mL_l, respectively. Observations of FDA-stained
samples were carried out on Olympus BH2-RFK epifluorescence
microscope using "B-excitation". To kill the cells for negative
controls of the viability test, three methods were emploved; 1)
spermatia were fixed in 1% glutaraldehyde in seawater for 30 min,
at 4°C, 2) spermatia were treated with 0.05% saponin for 30 min,
at 4°C, 3) the spermatial suspension was placed at 7070 for 14

min.

Interspecific spermatium inoculation with Halosaccion yendoi

Mature plants of Halosaccion yendoi were collected from the

intertidal zone at Aikappu, Akkeshi, Hokkaido on March 23-25 ©if

1991. Female and male gametes were prepared as described above.

Intra- and interspecific spermatium inoculation between Palmaria

palmata and Halosaccion vendoi were carried out by agitating a

coverslip with b-day-old tetraspore germlings in the spermatial
suspension for 15 min. Coverslips were then washed by pipetting
10 times with ca. 3 mL medium. At 180 min from spermatium inocu-
lation, inoculated coverslips were fixed for fluorescence micros-—
copy as above for observation of the spermatial nuclear state.
Subsequent cultivation of tetraspore germlings inoculated with

spermatia was carried out in PES medium (Provasoli 1966).
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RESULTS

Spermatia

General morphology. Under light microscopic observations,
liberated spermatia were spherical, measured ca. 5 pum in diame-
ter, and were composed of the nuclear region and a relatively
larger, colorless vacuolar region (Figs. 1, 3a). When stained
with DAPI, the nucleus was observed to be highly condensed (Fig.
3b). Plastids were not detected.

TEM observations also revealed that the greater part of the
cell was occupied by a condensed nucleus and large, electron-
transparent vesicles that constitute the vacuolar region (Fig.
4). Small, dark-cored vesicles, endoplasmic reticulum (ER), and
tubular structures were seen near the cell periphery {(Figs. 4-6).
The peripheral tubules were apparently continuous with the plasma
membrane, and they were closely associated with peripheral ERs
(Fig. 5) or with dark-cored vesicles (Fig. 6). Dictyosome-like,
layered membranes were observed in the cytoplasm (Fig. 9). Dark-
cored vesicles contained PATAg-positive materials (Kigs. Ty -8},

The nucleus of the liberated spermatia was in prophase
condition. Chromatin in the nucleus was condensed and a polar
ring (PR), which is a common nucleus—-associated organelle (NAO)
at a division pole in red algae (Scott and Broadwater 1990),
existed at both poles of the nucleus (Fige. 10, :l1). An
electron-dense material was detected around PRs (Fig. 11). The
PRs were located above a nuclear envelope depression. Nuclear

pores were seen along the depressed nuclear envelope around the

PR (Fig. 12). Microtubules (MTs) were also observed around PRs in




both extranuclear and intranuclear region (Figs. '11,'12) and most
of these MTs were laid toward PRs (Fig. 12). Because no cross
section of MTs was observed within the nuclear pores in the
tangential section of the nuclear envelopes, extracellular MTs

were not continuous with intracellular MTs.

Spermatial covering. All liberated spermatia had a colorless

covering which excludes carbon particles of India ink (Figs. 2,
13). Spermatial coverings were about 3 um thick and the thickness
appeared to be unchanged for at least several days after libera-
tion. In the TEM specimen fixed by method C, a fibrous, reticu-
lated structure was observed on the plasma membrane of spermatia
(Fig. 18). In living material, cell surfaces of co-aggregated
spermatia were not in direct contact with each other (Fig. 2),
nor with any other objects present in the suspension, €.8.;
hyvaline hairs shed from male macrothalli. The spermatial covering
maintained its thickness when they were attached to anything
other than the trichogyne.

The spermatial covering seemed to have a semi-solid, or
gel-1like structure. The appearance of the covering was not
changed even after fixation by glutaraldehyde in seawater. Upon
gradual dehydration after glutaraldehyde fixation, the covering
sradually became thinner (Fig. 16). After a gradual ’re-hydra-
tion’ in water, the thickness was recovered and became greater
than that before dehydration (Fig. 17).

The spermatial covering was degraded by proteolytic enzymes.

As observed under the light microscope, the thickness of the

colorless covering of non-fixed spermatia decreased in both




concentration- and time-dependent manner (Figs. 14, 15, 21, Vg
In the presence of 1 mM PMSF, degradation of the covering by
trypsin was partially repressed (Fig. 23). After prolonged treat-
ment, e€.g., 3 hr in 1% Pronase-E, the coverings were no longer
detected around spermatial cell surfaces (Fig. 15). The viability
of these spermatia without coverings was confirmed (Table 1). In
TEM specimens, a decrease in the covering thickness (Fig. 19) or
disappearance of the covering (Fig. 20) was observed. A decrease
in the covering thickness by proteolytic enzymes also occurred in
glutaraldehyde-fixed spermatia (Figs. 24, 25 ) s

The spermatial coverings were uniformly observed on all
liberated spermatia and the thickness appeared to be stable.
Therefore, the covering was probably produced during spermatial
development before spermatium liberation. In the TEM specimens
prepared by method A, electron-transparent vesicles of various

sizes were observed during spermatogenesis of Palmaria palmata.

Some of these vesicles were secreted from the whole surface of
the plasma membrane of the spermatial cell inside the spermatan-
gial wall (Fig. 26). The others remained within the cell to form
the larger, electron-transparent vesicles in the vacuolar region
of the liberated spermatium.

This secretion was observed at an early stage of spermatan-
gial development while the spermatangium was still connected with
its parent cell by a pit connection (Fig. 26). In the specimens
prepared by method D, fibrous, reticulate structures apparently
identical to the spermatial covering were observed both in the

vesicles (Fig. 27) and in a gap formed between the spermatial

plasma membrane and the spermatangial wall at a more advanced




stage (Fig. 28).

Trichogyne

Ultrastructure. Trichogynes, in contrast to spermatia,
appeared to have no covering on their cell walls when observed
under a light microscope (Fig. 38). But a cross section of TEM
specimen fixed by method C or D showed that the cell wall surface
of the trichogyne was uniformly coated with fibrous structures
(Figs. 29, 30). The thickness of the trichogyne coat was about
20-30 nm or 80-100 nm in the specimens prepared by method C or D,
respectively. In transverse section, the trichogyne coat appeared
uniform even on the cell wall at the trichogyne apex (Fig. 325
This trichogyne coat was observed as an amorphous substance in
the specimen fixed by method A or B (Fig. 51). In addition, the
cell wall thickness was almost even in the method C specimens §5
(Fig. 29) whereas it was uneven in the specimens fixed by method
Drar: B 4AFlge+. 30481}

The membranous structures of the trichogyne cytoplasm could
be preserved by method E (Figs. 31, 33, 34). In a transverse
section of method E specimens, the thickness of trichogyne cell
wall decreased gradually toward the apex (Figs. 32, 33) .« Smalid
vesicles appeared to be secreted toward the apical thin cell wall
(Fig. 33). These vesicles were also observed just behind the
apex, and these were associated with densely arranged ERs (Fig.
33). These ERs appeared continuous with the longitudinally ar-

ranged ERs that were usually observed in the median, not apical,

portion of the trichogyne (Figs: 33, 34)s 1In a cross section;

these longitudinal ERs appeared to be arranged in a concentric



manner (Fig. 31). Dictyosomes and mitochondria were frequently
observed behind the apex and the median portion (Fig. 34). Vac-
uoles were also observed in the median portion of the trichogyne
(Fig. 31). No plastids and proplastids were observed in the

trichogyne cytoplasm (Figs. 31, 33, 34).

Cvtochemistry. The trichogyne coat was composed of a PATAg-

positive material (Figs. 35, 36). The positive reaction of the
PATAg test mostly disappeared after periodic acid oxidation
followed by sodium borohydride reduction (Fig. 37). The periodic
acid-sodium borohydride treatment thus appeared to destroy the
PATAg-positive structure, i.e., vicinal glycol residues, of the

trichogyne coat.

Gamete attachment

Morphology. Direct contact of the spermatial covering with

the trichogyne coat was observed in the TEM specimens fixed imme-
diately after spermatium inoculation (Fig. 39). In light micros-—
copy, the cell surface of some spermatia was already attached
directly to the cell wall of the trichogyne 5 minutes after
spermatium inoculation (Fig. 38). The hyaline covering of these
spermatia appeared to have a uniform thickness, as observed in
the liberated spermatia, except for the portion where the sperma-
tium was attached to the trichogyne. Thus, the direct attachment
of spermatia to the trichogynes could occur within 5 min and the
spermatial coverings were eliminated only at the site of attach-

ment. Furthermore, the elimination of the spermatial covering and

tight attachment of spermatial plasma membrane to the trichogyne




cell wall surface were observed in the TEM specimens (Fig. 39).

Inhibition of gamete attachment by degradation of gamete

surfaces. The effects of pretreatment, which was expected to

destroy the gamete surfaces, on the attachment of spermatia to
the trichogynes were examined. A brief enzyvmatic pretreatment (5
min) of spermatia disrupted the ability of the spermatium to
attach to the trichogyne (Tables 2, 3). The number of attached
spermatia per trichogyne decreased remarkably according to the
concentrations of both Pronase E and trypsin added to the pre-
treatment mixture. On the other hand, periodic acid oxidation
followed by sodium borohydride reduction of trichogynes also
inhibited gamete attachment significantly (Table 4). In contrast
to an unclear difference between the controls without oxidation ; ,
and those with hydrogen peroxide oxidation, a significantly
smaller number of spermatia attached to the periodic aolid~oxi~

dized trichogynes.
Spermatium nuclear division

Epifluorescence microscopy. After the attachment of sperma-

tia to trichogynes, nuclear division of the spermatium proceeded o
(Figs. 41-44). By epifluorescence microscopy of DAPI-stained

specimens, further condensation of chromosomes (Fig. 41b), their

alignment along an equatorial plate (Fig. 42b), and segregation

of the chromosomes (Fig. 43b) and binucleate spermatia (Fig. 44b)

were observed. All of the cell surfaces of these post—prophase

spermatia were attached directly to the trichogyne cell wall.




TEM observations. Ultrastructure of the nuclear division of

spermatia was examined in the specimens fixed by method B. In
specimens fixed 15 min after spermatium inoculation, nuclei con-
taining further condensed chromatin or chromosomes in disordered
arrangement were observed (Fig. 45). Because no metaphase nucleus
was observed in DAPI-stained specimen fixed simultaneously with
those examined by TEM, it was considered that these nuclei were
in prometaphase condition rather than anaphase.

In these prometaphase nuclei (Fig. 45), the nuclear envelope
depression at poles was not remarkable and PRs could no longer be
detected in anywhere in the serial sections throughout the cell.
A part of the nuclear envelope disappeared forming a single
nuclear envelope gap. Though no electron-dense materials were not
seen around the gap, MTs were observed to be assembled toward the
nuclear envelope region around the gap (Fig. 45) .

In specimens fixed 30 min after spermatium inoculation, many
metaphase or early anaphase nuclei were observed. In these nu-
clei, because no specialized polar structures were detectable,
only a ’spindle polar region’ could be determined judging from
chromosome arrangement and assemblage of MTs. Figure 46 shows an } o
early anaphase nucleus at 30 min in which beginning of chromo-
somes segregation can be seen. Microtubules were laid toward a
somewhat prominent polar region along the inside of the nucleus
and intensely condensed chromosomes, which was aligned in the %
equatorial plate between two poles, had begun moving toward the g
poles (Figs. 46, 47). Although no discrete gaps were detected,
continuity of nuclear envelopes could not be demonstrated well in

the polar regions, because the nuclear envelopes of these promi-
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nent portions were pressed against other membranous structures

(Fig. 47). Chromosomes appeared to bear kinetochores that dis-

played a three-layvered morphology (Figs. 46-48) and several MTs
were associated with a single kinetochore (Fig. 48a).

Following chromosome segregation, polar regions had become
more evident than in the previous mitotic stages because the
chromosomes are at opposite ends of the nucleus and their kineto-
chores were facing to the poles (Figs. 49, 50). The polar region
of these early telophase nuclei was characterized by a large
nuclear envelope gap (Fig. 49). Regeneration of nuclear envelopes
within the polar gap was also found in other cells (Fig. 50).
Polar rings were not detected around the early telophase nuclei.

There were two different wayvs of separating two derivative
nuclei during early telophase. In one case, as shown in Fig. 49,
the reformation of nascent nuclei was brought about by the de-
tachment from interzonal midpiece. In this case, regeneration of
nuclear envelopes along the segregated chromosomes was observed
while the nuclear envelope around the interzonal midpiece re-
mained (Fig. 49). In another case, constriction occurred in the
median interzonal midpiece. Figure 50 shows an early telophase
nucleus of this case. The two derivative nuclei were separated by
constriction in the midpiece, around which cytoplasmic compo-
nents, such as large vesicles and mitochondria, appeared between
the nuclei (Fig. 50).

Observation on TEM specimens indicated that all the plasma
membranes of the post-prophase spermatia were attached directly

to the cell wall surface of the trichogyne. Furthermore, all of

more than thirty spermatia, which remained uninucleate 180 min




after spermatium inoculation, had not attached their plasma
membrane directly to the trichogynes and were morphologically

—

similar to liberated spermatia (Fig. 51).

Spermatium cell wall formation

When stained with calcofluor, cell wall materials were not
seen around liberated spermatia, but were detectable on some
attached spermatia 60 min after spermatium inoculation. At this
time, calcofluor fluorescence was observed around the binucleate

spermatia (Fig. 52) but not around the uninucleate spermatia

As nuclear division proceeded from metaphase to telophase,
the spermatial cells appeared to be rigid enough to retain the
entire outline after the preparation of TEM specimens (Figs. 49,
50). A thin layer of PATAg-positive material was detected around
anaphase or binucleate spermatia (Figs. 4 . Concomitantly,
the number of the dark-cored, small vesicles seen in liberated
spermatium decreased and only a few of these vesicles could be

detected in the anaphase spermatium.

Gamete fusion

Epifluorescence microscopy. After cytoplasmic fusion of the

binucleate spermatium with the trichogyne, the derivative nuclei

(male nuclei) entered the trichogyne (Fig. 60). Male nuclei then

migrated toward either the apex or the base of the trichogyne.

The direction of the migration seemed to be at random.
Trichogynes could be clearly distinguished from the carpogo-

nial base because the base was distinctly pigmented and swollen




in contrast to the uniformly limited diameter of the colorless
trichogyne. I observed that three male nuclei could enter a
single carpogonial base from the trichogyne. Nuclear fusion
occurred between a condensed male nucleus and a large carpogonial
nucleus with dispersed chromatin and a nucleolus (Fig. 61). In
five replicates of the spermatium inoculation experiments, I
observed that 652 spermatia had introduced their nucleus to 184
trichogynes at 180 min, and nuclear fusion was observed in 40
carpogonia at the same period. Though two of these carpogonia
were invaded by two male nuclei, nuclear fusion occurred between
a single male nucleus and a carpogonial nucleus (Fig. 62).

The time course of changes in nuclear behavior of the at-
tached spermatia was examined in fertilization experiments con-
ducted five times. The spermatial nuclear events were divided
into four states that can be distinguished under a fluorescence
microscope: state 1) undivided spermatial nucleus; state 2)
spermatial nucleus divided into two male nuclei; state 3) one of
the two male nuclei has entered into the trichogyne cytoplasm;
and state 4) both male nuclei have entered into the trichogyne.
Occurrence of these four states 30, 60, 120 and 180 min after
spermatium inoculation are summarized in Table 5.

As a result, more than half of the attached spermatia became
binucleate by 60 min though most of them were not divided at 30
min. At 180 min, about 30% of them had inserted both of the

derivative nuclei inserted into the trichogyne whereas more than

a third of the total spermatia remained uninucleate.

TEM observations. In the TEM specimens, the cell wall of the




trichogyne was invaded by the cytoplasm of binucleate spermatia
and the invading cytoplasm expanded within the cell wall before
cytoplasmic fusion (Fig. 64). Plasmogamy occurred between the ex-
panded spermatial cytoplasm and swelling cytoplasm of the tricho—
gyne (Fig. 65). Specialized structures for trichogyne cell wall
digestion, e.g., secretion of digestive vesicles, were not de-
teoted (Big. 63).

Passage of the male nucleus through an opening bhetween the
trichogyne and fused spermatium was not observed in TEM speci-
mens. Several cytoplasmic components, such as large vesicles and
mitochondria were left in the spermatium after the invasion of
male nuclei (Fig. 66). Mitochondria and other membraneous struc-
tures were observed also at the opening between the spermat ium
and trichogyne cytoplasm (Fig. 66). However, because these struc-
tures were present in both trichogyne and spermatium before
fertilization, their origin remained unknown.

Migrating male nuclei in a trichogyne were also observed by
TEM (Figs. 67, 68), but the condensed state of chromatin, as ob-
served in DAPI-stained migrating male nuclei, was not preserved
by all the TEM preparation methods of the present study. As
observed by epifluorescence, migrating male nuclei in the TEM
specimens were longitudinally elongated, in an irregular or
elliptical form and the width of the nucleus was about 2 pm. I

did not observe two male nuclei passing each other within the

limited trichogyne cytoplasm (2.5-3 pm in diameter) under an

epifluorescence microscope oOr in TEM.

The carpogonial base of Palmaria palmata has similar cyto-

plasmic components to the other vegetative cells of female game-




tophyte, such as numerous plastids and starch grains, except for

the carpogonial nucleus, which has dispersed chromatin and a

distinct nucleolus (Fig. 71). Cell walls of female germlings did

not have an obvious fibrous appearance and the wall of the female

gametophyte was distinguished into two layers: inner (primary)

cell wall and outer (secondary) cell wall (Fig. 70). In TEM

specimens prepared by method A or B, both types of wall appeared

to contain similar amorphous structures. Stainability was glight~

ly stronger in the primary wall than in the secondary wall. The

primary wall appeared outlined by electron-transparent layer

(Fig. 70). The secondary wall was well-developed along the sur-

face of the germlings but only a thin layer was detected between %n _;

the cells. The trichogyne cell wall was continuous to the inner é.” '%

primary cell wall (Fig. 70); that is, although it was coated with | ]

the trichogyne coat, the trichogyne is the only site where the ?1'.i

primary wall was exerted and exposed to the external environment. |
Though, unfortunately, a nuclear fusion was not found, the

male nucleus in a carpogonial base (Fig. 69) and the carpogonial

nucleus of the same carpogonial base (Fig. 71) were observed by

TEM in several carpogonia. The invading male nucleus in the

carpogonial base maintained a condensed appearance and was asso-

ciated with a bundle of MTs. The male nucleus had a depression or

sroove that was filled with MTs and some membraneous structures.

The carpogonial nucleus had dispersed chromatin and a prominent

nucleolus. Nuclear pores were observed in the carpogonial nucleus

(Fig. 72). Polar rings were not found around the carpogonial and

male nucleus in serial sectioning throughout and around the

nuclei.




Intergeneric spermatium inoculation with Halosaccion yendoi

Experiments on intra- and interspecific fertilization were
conducted several times and the results of a representative
experiment are shown in Table 6. Data are presented as the number
of trichogynes categorized into any one of the following three
states: State 1) trichogynes to which no spermatium was attached;
State 2) trichogynes to which at least one spermatium was at-
tached but no cytoplasmic fusion occurred; and State 3) tricho~
gyvnes fused with at least one spermatium. The occurrence of cyto-
plasmic fusion was judged by the invasion of a male nucleus from
fused spermatium into trichogyne cytoplasm.

As shown in the table, although the ratios were invariably
lower than those of intraspecific fertilization, up to 27% of
trichogynes fused with the spermatia of the species of the other
genus. Fusions between carpogonial and male nuclei were observed,
but only a féw carpogonia fused with spermatia even in intraspe-

cific fertilization in Halosaccion yendoi. In the experiment

shown in the table, the nuclei in two carpogonia of Palmaria
palmata were observed to fuse with the male nucleus of Halosac-—

cion vendoi. On the other hand, despite the numerous male nuclei

invading into the trichogyne cytoplasm, no fusion was observed

between Palmaria male and Halosaccion carpogonial nucleus.

Some coverslips inoculated with spermatia of the other
species were subsequently incubated under the same conditions

used in the life history studies of Palmaria palmata (Deshmukhe &

Tatewaki 1990) and Halosaccion yendoi (Mine & Tatewaki 1993).

However, further division of the carpogonium and formation of the
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DISCUSSION

Spermatium morphology

The presence of large, mucilage-containing vesicles, or
vacuoles, had been reported in the spermatogenesis of many spe-
cies of red algae. The appearance of the contents, modes of
formation and secretion of the vesicles vary according to species
(Pueschel 1990 for references, and, e.g., Scott & Dixon 1973,
Kugrens 1980, Fetter & Neushul 1981). The function of these
vesicles was speculated to involve the supply of a discharge
force from a spermatangium and a secretion of mucilage strands,
wall materials or sticky covering of liberated spermatium.

Tn Palmaria palmata, vesicles appeared to function in at

least two ways in spermatogenesis. Firstly, the contents of vesi-
cles secreted before spermatium liberation, judging from the
present observations, may form the spermatial covering. Secretion
of small vesicles within the spermatangium contributing to the
spermatial wall formation had already been reported in several
red algae (Scott & Dixon 18973, Peel & Duckett 1975, Kugrens

1980). The other vesicles of Palmaria palmata are never secreted

out of the spermatium throughout fertilization, and serve as a
wedge between the derivative nuclei of spermatial nuclear divi-
g0

Plasmalemmal tubular structures were reported on spores and
spermatia in several red algae (see Pueschel 1990, p. 10 for

references, Mandura et al. 1986, Scott et al. 1992). Like in

Palmaria palmata spermatia, they are associated or continuous

with peripheral ERs in some instances. However, close association



or continuity of the tubules with vesicles as in Palmaria palmata
spermatia has not been reported. Some speculation concerning the

function of vesicle-associated tubules will be presented below.

Spermatium nucleus

Both uni- and binucleate spermatia have been reported in red
algae (see Goff & Coleman 1984 for references). As observed in

the present study of Palmaria palmata, previous light microscopic

studies indicated that the mature spermatial nucleus is in a pro-
phase state (Grubb 1925, Fritsch 1945, p.596, Drew 1951, Magne
1952, Mumford & Cole 1977).

A condensed state of spermatial nuclei is commonly observed
by TEM in red algae (Duckett & Peel 1978 for review, Kugrens
1980, Fetter & Neushul 1981). In contrast to the ’prophase—-ar-

rested’ spermatial nucleus in Palmaria palmata, a TEM study of

liberated spermatia in Corallina officinalis showed the sperma-

tial nuclei arrested at metaphase or anaphase of division (Peel &
Duckett 1975). The arrest of the spermatial nucleus at a later

stage in Corallina suggests the possibility that spermatial

nuclear division occurs, as in Choreocolax polysiphoniae and

other species (Goff & Coleman 1884 for references), at an earlier

stage than in Palmaria palmata. The behavior of spermatial nucle-

us during the fertilization of Corallina needs to be examined

further.

Nuclear envelopes have been observed to be intact in most

TEM studies of red algal spermatia. The present study also showed

intact nuclear envelopes during spermatogenesis and in liberated

spermatia. However, some earlier workers reported the absence of




4 nuclear envelope in mature spermatial nuclei (Scott & Dixon
1973, Hawkes 1978). Some methods that enhance the biological mem-
brane, e.g., method E in the present study, should be used in
order to confirm the absence of the spermatial nuclear envelope

in these algae.

Spermatial covering

Ultrastructural studies generally showed that liberated
spermatia of red algae were covered with fibrous materials (e.

g.,, Scott & Dixon 1973, Peel & Duckett 1875, and Broadwater et

1 f

al. 1991), which were sometimes called "cell walls"” (Kugrens
1974, 1980). However, because neither India ink preparation nor
TEM preparation with ruthenium red and LR white was used in these
study, it is impossible to compare these materials with the

spermatial covering of Palmaria palmata observed in the present

study.
Spermatial appendages have been reported in SEM studies of

Aglaothamnion (Magruder 1984), Bangia (Cole et al. 1985) and

Spyridia (Broadwater et al. 1991). The present TEM study of

Palmaria palmata did not show any appendage like these species.

In addition, SEM observation of Halosaccion, another genus in the

Palmariaceae, also showed no projections on the smooth surface of
the spermatium (Mitman & Phinney 1985).

In the present study, the cell viability and ultrastructure

were not changed after an enzymatic degradation of non-fixed

spermatial coverings. This degradation also occurred in fixed
spermatia. Therefore, the decrease in the covering thickness

observed in the presence of the enzymes does not appear to result




from damage of the covering-generating activity, if present, of
the living spermatium. Furthermore, since the degradation was
inhibited by a specific protease inhibitor, it was likely due to
the enzymatic digestion of the protein(s) which constitutes the
covering.

Though extracellular proteins have been reported (Hanic &
Craigie 1969), the proteinaceous nature of spermatial coverings
of red algae has not been reported. Cytochemical studies of the
spermatial coverings of other red algae have shown that they
consist of acidic and neutral polysaccharides (Peel and Duckett
1975, Cole et al. 1885 . "Usitg eytochemical techniques to detect

proteins, Peel and Duckett (1971) reported a negative staining of

the spermatial covering (as ’spermatial coat’). In Palmaria

palmata, it is possible that the proteinaceous component of the
spermatial covering is some kinds of glyvcoproteins. Further cyto-
chemical and biochemical studies will be needed to reveal the

chemical nature of the covering.

Trichogyne

In contrast to the relatively large number of studies on red
algal spermatia, there are few reports on the receptive surface
of female gametes of red algae. Broadwater and Scott (1982)
reported that vesicles secreted in the trichogyne apex of Polysi-
phonia and that the trichogyne cell wall was covered by an amor-
phous substance which decreased in thickness from the tip to the

base of trichogyne. They speculated that the substance aids in

spermatial adherence. This change in trichogyne coat thickness

differs from the uniform thickness of that of Palmaria palmata
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observed in the present study. Cole et al. (1985) reported the
relationships between histochemical nature of outer cell wall and
reproductive differentiation of gametophyte in Bangia. The sper-
matia attached to the wall coating where sexual differentiation
was morphologically initiated and the intensity of outer wall
staining for sulfated polysaccharides decreased. On the tricho-

gyne cell wall coat of Palmaria palmata, I demonstrated the

PATAg-positive nature of the coat and its role in gamete attach-
ment was discussed below in this thesis. Further studies of
histochemical and biochemical nature of the coat are in progress.

Like in Polysiphonia (Broadwater & Scott 1982), the vesicle

secretion at the trichogyne apex was also observed in Palmaria

palmata. Because, unlike in Polysiphonia, the cell wall is very

thin at the apex and its thickness gradually increases toward the
median portion, it is possible that the vesicles secrete the cell
wall material rather than the coating material as speculated in

Polysiphonia. The ultrastructure of trichogyne cytoplasm has been

studied in Polysiphonia (Broadwater & Scott 1982). The signifi-

cant differences of cytoplasmic contents of Palmaria trichogynes

from those of Polysiphonia are the longitudinal, concentric

arrangement of ERs and the absence of plastids and proplastids.

Gamete attachment

The present study 1is the first detailed TEM documentation of

the gamete attachment process of red algae. There have been
several SEM studies on red algal gamete attachment (Magruder
1984, Cole et al. 1985, Mitman & Phinney 1985). The two examples

given above, in the bangiacean and ceramiacean algae, showed spe-




cialized appendages (or ’corns’) on the spermatia which were
responsible for the initial binding to the receptive surface of
female gamete. The Bangiaceae and the Ceramiaceae are two of the
most phylogenetically remote taxa, and, therefore, it might be
assumed that specialized spermatial appendages are a common at-
tachment apparatus in red algae. However, a previous SEM study
(Mitman & Phinney 1985) and the present TEM study showed that
spermatia of the palmariacean algae have no appendage on the
surface throughout the fertilization process. Further strict
comparisons of the morphogenesis, the stability and detailed mor-
phology of the specialized spermatial appendages of different
taxa in red algae are necessary.

The spermatia of Palmaria palmata do not possess flagella,

and I did not observe any amoeboid movement as reported in spores

of Ervthrocladia (Nichols & Lissant 1967). Furthermore, the ini-

tial processes of fertilization of Palmaria palmata (i.e.,

calcium depletion-insensitive, fixed attachment and localized
elimination of spermatial covering) commenced immediately after
spermatium inoculation to the trichogyne. It is likely that

Palmaria palmata spermatia are essentially non-motile and that

the recognition and attachment of passively moving spermatia to
the sessile non-motile carpogonium is governed principally by
adhesive surface materials of both gametes.

It is probable that the inhibition of gamete attachment by
brief enzymatic pretreatment as shown in Table 2 and 3 was caused
by degradation of the outermost layer of the covering. On the

other hand, it is also possible that other important membrane—

bound proteins were disrupted by the proteolytic enzymes and this




had a secondary effect on the spermatial attachment as argued in

gamete adhesion of Chlamydomonas (Goodenough 1991).

The PATAg-positive compounds of the trichogyne coat appear
to be essential for gamete attachment since attachment was mark-
edly inhibited by specific chemical degradation of vicinal gly-
cols of the coat. The PATAg-positive entity can be interpreted in
various ways (Roland and Vian 1991), but the great majority of
positive compounds are polysaccharides containing 1-4 linkages.
There have been many examples that indicate lectin-polysaccharide
interaction in gamete recognition in animals (Rosati 1985, O’Rand
1988 for reviews) and brown algae (Callow 1985, for review). If
the trichogyne PATAg-positive compounds are polysaccharides, it
is likely that the complementary proteinaceous compound of the
surface of the spermatial covering is a lectin that binds to the :
trichogyne coat polysaccharide. As in the studies of fertiliza-
tion in Fucus (Bolwell et al. 1979), an examination of the effect
of lectins or specific glycosidases on gamete attachment will
provide further information on the adhesive trichogyne coat
containing vicinal glycols.

The spermatial covering of Palmaria palmata was attached to

the trichogyne cell wall coat immediately after spermatium inocu-
lation. The initial attachment was strong enough to be maintained
even after chemical fixation, rinsing and embedding for TEM
observations. This is in contrast to the non-specific binding of
indirectly entangled spermatia which was easily destroyed by

washes in calcium-depleting ASW. The co—aggregation or non-spe-

cific entanglement of the spermatia is probably mediated by

EGTA-sensitive strands (Fetter and Neushul 1981) or sheets (Guiry




1974) of extracellular mucilage. Moreover, the specific interac-
tion between the spermatial covering and trichogyne coat involves
not only organ- and taxon-specific binding but also rapid, local-
ized elimination of the spermatial covering leading to the direct

attachment of gametes and the consequent events of fertilization.

Nuclear division

Nuclear division of uninucleate spermatia has been observed
by light microscopy in several species of red algae. After liber-
ation of spermatia, division occurs before gamete attachment in

some species, e.g., Choreocolax (see Goff & Coleman 1984). Howev-

er, as observed in the present study on Palmaria palmata, sperma-—

tial nuclear divisions were ordinarily found ’after’ attachment

of uninucleate spermatia to trichogynes in Nemalion and Batracho-

spermum (see Fritsch 1945, p.597 for references) .
In contrast to the condensed state of the spermatial or male

nucleus throughout the fertilization processes in Choreocolax

(Goff & Coleman 1984) or in the present study, Hawkes (1978)
observed decondensation of the spermatial nucleus after attach-
ment to the prototrichogyne. It is possible that the decondensa-
tion of spermatial nucleus is, in part, due to the absence of
nuclear envelope. Hawkes (1978) speculated that the decondensa-
tion occurs in order to ’code for an enzyme required to make the
fertilization canal’. Examination whether gene expression 1s
required for the canal formation after the gamete attachment in

Porphyra is necessary.

The present study is the first TEM observation of spermatial

nuclear division in red algae. TEM figures of a spermatial nucle-




us arrested at metaphase or anaphase have been shown previously
(Peel & Duckett 1975). The nuclear division of spermatia of
Palmaria palmata shared several ultrastructural features with
somatic cell division of other red algae (reviewed by Scott and
Broadwater 1990), but it was immediately followed by fusion with
a trichogyne.

Perinuclear ER was not particularly observed and the conti-
nuity between the nuclear envelope and peripheral ER was not
detected. Like in most red algae the nuclear envelope remained
throughout the nuclear division except for a polar gap formed at
prometaphase. Although not clearly demonstrated yet in the
present study, the gap may be present during metaphase and ana-
phase since no red alga so far studied has totally enclosed pole
at these stages.

Tt was an unexpected result that the segregated chromosomes
in early anaphase can be separated by either constriction of
interzonal midpiece or detachment from the midpiece. The latter
is the only case hitherto reported in red algae (Scott et al.
1980, Scott and Broadwater 1990, Scott et al. 1992). McDonald
(1972) showed a TEM micrograph indicating midpiece constriction
separating derivative nuclei, but a negative decision on this
observation was presented using intensive serial sectioning
(Scott et al. 1980). On the midpiece constriction in Palmaria
palmata, however, the observations were based on serial section-
ing throughout the cell and the midpiece was detected only along

the constriction. Therefore, it was concluded that the derivative

nuclei could be separated by a midpiece constriction in the

spermatium of Palmaria palmata.




Even when the present observations given above were reli-
able, the duality in a mitotic event may still seem unusual. The
midpiece constriction is apparently caused by the intrusion of
other organelles, e.g., large vesicles and mitochondria. It is
possible that these organelles move passively in the limited
volume of cytoplasm of the spermatium rather than under a control
of a positive physiological mechanism. If so, it can be a fre-
quent phenomenon that the midpiece constriction takes place

before the detachment of the midpiece from the nascent nuclei.

Disappearance of polar ring

The polar ring observed in the present study was morphologi-

cally similar to that of prophase nucleus in Palmaria palmata

(Scott & Broadwater 1990). It disappeared before late prophase of
spermatial nuclear division. This is contrary to the case in some

red algae, e.g., Polysiphonia, where polar rings were observed to

be persistent through interphase as well as in mitotic phases,

and they were introduced to derivative cells from the parent cell
in a semi-conservative manner (Scott et al. 1980, Scott & Broad-
water 1990). But a similar phenomenon to that in the spermatium ;;

of Palmaria palmata was reported in vegetative cells of Apoglos—

sum, in which polar rings degenerated during metaphase (Dave &

Godward 1982).

Because the nuclear division of vegetative cells of Palmaria

E palmata is not fully studied yet, it is possible that the disap-
.E pearance of the polar ring is a specific phenomenon for gametes
in this alga. Neither carpogonial nuclei nor male nuclei invading

i into the carpogonial base were associated with a polar ring, and




it is very likely, therefore, that they fuse without a polar
ring. In the fertilization of other lower eukaryotes, centrioles
or NAOs were observed to be persistent during the fertilization
process (e.g., Byers & Goetsch 1975, Motomura 1989, 1992). The
disappearance of the polar ring before gamete fusion provides new
information on the function of the polar rings and their phyloge-

netic relationship with the other NAOs.

Prophase arrest

In Palmaria palmata, the strictly prophase-arrested nucleus

of the liberated spermatium proceeded to post-prophase stages
only after attachment of the plasma membrane to the trichogyne
surface. This indicates the presence of a signal transduction
mechanism that converts an extracellular stimulus (attachment of
the plasma membrane to the trichogyne surface) to an intracellu-
lar event (post-prophase progression of nuclear division). Ferti-

>

lization of Palmaria palmata could be a potentially useful exper-

imental system for studying the signal transduction mechanism of
red algae and control of mitotic progression in lower eukaryotes.

There is currently great interest in the mechanisms control-

ling cell cycle progression and a number of keys may reveal the

post-prophase progression mechanism in Palmaria spermatia. For

t example, fully grown amphibian eggs are arrested at meiotic

prophase I and the arrest 1is released by activation of cytoplas-

mic ’maturation-promoting factor’ (Shibuya & Masui 1988), and
adenosine 3’,5’-cyclic monophosphate has an antagonistic effect
on hormone-induced meiosis reinitiation (Schorderet-Slatkine &

F Baulieu 1982). It is generally known that the level of cytoplas-




mic free calcium ions alters during several mitotic events in-
cluding post-prophase progression (Poenie et al. 1985, Steinhardt
& Alderton 1988). Along these lines, further investigations are
in progress to elucidate the mechanisms involved in the progres-—

sion of nuclear division of Palmaria palmata spermatia after

direct attachment to the trichogyne.

Spermatial cell wall formation

The completion of nuclear division is accompanied by forma-
tion of cell wall detected as calcofluor- and PATAg-positive

substances. During fertilization of Porphyra, a thin layer of

wall material was seen around spermatia attached to the prototri-

chogyne before cytoplasmic fusion (Hawkes 1978). In Palmaria

palmata, judging from their concomitant decrease, and identity of
the contents, the small, dark-cored vesicles may contribute the
cell wall formation. Moreover, it is possible that the peripheral
tubules, which are closely associated with both the plasma mem-
brane and the small vesicles, are concerned with secretion of

| cell wall material secretion. As pointed out by Pueschel (1990.
p.10), the continuity between the tubule and the external envi-
ronment must be confirmed using heavy metal markers.

There have been few examples of actual demonstration of cell

' structure involved in formation of cell coverings in red algae.

Ultrastructural autoradiography of a unicellular red alga has
demonstrated that sulfation of extracellular mucilage was carried
out in dictyosomes (Evans et al. 1974). These sulfated polysac-
charides processed through dictyosomes are probably secreted via

z vesicle secretion. More recent ultrastructural study of Ervthro-




cladia showed putative microfibril-synthesizing complexes in the
plasma membrane, which are apparently similar to those of chloro-
phycean algae (Tsekos & Reiss 1992). The contribution of the
vesicle and plasma membrane tubules to the spermatial cell wall

formation in Palmaria spermatia has not been fully demonstrated

in the present study. However, the wide distribution of this
structure in red algae suggests that the plasma membrane tubule
is one of the major structures involved in formation of cell
coverings in red algae.

Short-lived, tubular plasmalemmal structures have been

observed in tetraspores of Palmaria palmata (Mandura et al.

1986). After attachment to the substratum, the liberated tetra-

spore of Palmaria palmata develops calcofluor-positive material

and commences germination, i.e., cell division (Figs. 56-59).
Though presence of the PATAg-positive vesicles was not confirmed

in tetraspores of Palmaria palmata, triggering of cell wall

formation and nuclear division after attachment of the cell to an
’appropriate’ substratum is an interesting analogy between the

spermatial nuclear division and tetraspore germination.

Gamete fusion

Carpogonia have been studied previously using TEM in two

species, Porphyra gardneri (Hawkes 1978) and Polysiphonia harveyi

(Broadwater & Scott 1982). The most distinct differences in the
cytoplasmic component of the carpogonia of these examples are the
degree of plastid development and the presence (or absence) of
starch grains. Fully developed plastids and numerous starch

7 grains were observed in Porphyra, but only proplastids and no
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starch grains were detected in Polysiphonia. Despite the similar-
ity in an external appearance (i.e., distinction between tricho-

gyne and carpogonial base), the ultrastructure of the carpogonium

of Palmaria palmata observed in the present study is quite dif-

ferent from that of Polysiphonia.

On the other hand, prominent plastid development and numer-
ous starch grains in the carpogonium or carpogonial base are

features common to Porphyra and Palmaria. This is not surprising

in consideration of recent arguments that the order Palmariales
is among the most primitive groups of red algae (Pueschel & Cole
1985, Guiry 1987).

The ultrastructure of the gamete fusion process of red algae

had been observed by Hawkes (1978) in field-collected Porphyra

gardneri. In this instance, the ’spermatial nuclear material’ was

transferred to the carpogonium via a narrow, extended fertiliza-

tion canal. In Porphyra, the nuclear material seemed to be the

first cytoplasmic component being transferred into the fertiliza-
tion canal, and other components, such as proplastids, followed
the nuclear material into the canal (Hawkes 1978). In contrast,

the cytoplasm of the attached spermatium of Palmaria palmata

formed an expanded opening within the thin trichogyne cell wall
before cytoplasmic fusion and male nucleus invasion. This expan-
sion of the opening between spermatium and trichogyne cytoplasm
may assure nuclear transfer with minimum constriction of the
invading male nucleus.

The present study is the first ultrastructural report of the

male (spermatial) nucleus invading the carpogonium of red algae.

The most striking feature of the male nucleus invading in the




carpogonial base of Palmaria palmata is the association of MTs.

During fertilization of the brown alga Fucus distichus, nuclear

migration of the male pronucleus toward the co-existing egg
nucleus is inhibited by MT inhibitors (Brawley 1979), implying
that MTs play an indispensable role for male nuclear migration in
this alga. The remarkable association of MTs with the male nucle-

us in the carpogonial base of Palmaria palmata is similarly sug-

gestive of the function of MTs in the migration of male nucleus

to the carpogonial nucleus.

Polyspermy block

It has previously been reported that two or more male (or
spermatial) nuclei from one or more spermatia may enter into a
trichogyne (e.g., Goff & Coleman 1984, O’Kelly & Baca 1984). Even
when only one spermatium attached to a trichogyne in the fertilti-

zation of Palmaria palmata, the spermatial nucleus divides into

two male nuclei and both of them may enter the cytoplasm of the
trichogyne. Thus, there must be a mechanism that allows the -
| fusion of only one male nucleus with a carpogonial nucleus.

Judging from the present observations, it is likely that
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male nuclei cannot pass each other within the limited diameter
inside the trichogyne and the direction of male nucleus migration

seems to be random. Therefore, even when numerous male nuclei

entered the trichogyne as observed in the present experiments,
only a limited number of male nuclei can enter into the carpogo-
nial base from the trichogyne.

Deshmukhe and Tatewaki (1990) reported that the lower por-

tion of the trichogyne of fertilized carpogonia of Palmaria




palmata became narrower, forming a septum to prevent the entrance
of an additional male nucleus. As a general rule in fertilization
of red algae, a septum formation should be completed before the
'walling off’ of the trichogyne, which is a common phenomenon
during further development of fertilized carpogonia of red algae
(Pueschel 1990). The present observation of TEM specimens failed
to show such a septum, and an examination of specimens incubated
for a far longer period is necessary to judge the significance of

septum formation in the polyspermy block.

Intergeneric cross with Halosaccion yendoi.

A qualitative estimation of gamete attachment between relat-
ed species and genera of ceramiacean algae has been reported
(Magruder 1984). The present study is the first comparative
quantification of gamete attachment between red algae of differ—
ent taxa. Gamete attachment between different taxa was invariably
lower than that of the intraspecific controls. Morphological and
cytochemical observations described previously in this thesis
have shown that the spermatial covering and the trichogyne coat
mediate the attachment of these non-flagellated gametes. The
weakness of heterologous gamete attachment must be due to the
divergence in the biochemical nature of these gamete surfaces
between the two taxa.

Both cytoplasmic and nuclear fusion in the intergeneric
fertilization were invariably less frequent than in intraspecific
controls, but were readily observed in the present study. In
contrast to this, no binding was observed between the gametes of

Aglaothamnion neglectum (Ceramiaceae) and other species of relat-




ed genera (Magruder 1984). Thus the stages where the fertiliza-
tion between different genera is blocked are different between
the Palmariaceae and Ceramiaceae. This difference may be related
to the absence of any specialized appendage on the spermatium in

palmariacean algae (e.g., Palmaria and Halosaccion). These ap-

pendages have been reported in species of Ceramiaceae (Magruder
1984, Broadwater et al. 1991) and bind specifically to tricho-
gynes (Magruder 1984).

Among red algae, it is generally recognized that the devel-
opment of interspecific hybrids is, if it occurs at all, abnormal
and often results in sterile progeny (van der Meer 1988, p. 517).

There have been several studies on intra- and interspecific

hybridization in Palmaria spp. (van der Meer & Bird 1985, van der

Meer 1987). Experimental hybridization between northeast and

northwest Atlantic Palmaria palmata yielded intraspecific hybrids

with greatly reduced fertility (van der Meer 1987). The develop-
mental deficiency of hybrid zygotes of red algae, such as the

abortive intergeneric zygote in the present study, may be due to
genomic incompatibility (van der Meer 1988), which assures repro-

ductive isolation between Palmaria palmata and Halosaccion yendoi

in natural populations along the Hokkaido coast.
In contrast to the frequency of gamete fusion between Pal-

maria palmata and Halosaccion yendoi, not a single ’fertiliza-

tion’ was detected even in intrageneric crosses between Atlantic

Palmaria palmata and Palmaria mollis (van der Meer & Bird 1985).

Though no crosses with species of different genera have been

attempted in these Atlantic species, it ig likely that fertiliza-

tion would not occur with more remote taxa, e.g., species of the




genus Halosaccion. Further investigations of inter- and intrage-

neric fertilization with species of Palmaria of northeast Pacific
or north Atlantic coasts will reveal whether species differentia-

tion in Palmaria was accompanied by barriers to heterologous

fertilization at the level of gamete fusion.
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SUMMARY

Structures and processes (i.e., spermatogenesis, liberated
spermatium, trichogyne, gamete attachment, spermatial nuclear
division and cell wall formation, and gamete fusion) in fertili-

zation of the red alga Palmaria palmata were observed using

light, epifluorescence and transmission electron microscopes.
Precise time-course examination was possible using this alga,
because it forms rapidly-maturing microscopic female gametophytes
and macroscopic male gametophyte liberating spermatia vigorously.
In addition, attempts of intergeneric fertilization with Halosac-

cion vendoi I.K. Lee were made in order to examine the taxon-

specificity of gamete attachment and fusion.

The results obtained are summarized as follows.

1. Liberated spermatium has a prophase nucleus with a divi-
sion polé marked with a pair of polar rings. Dark-cored, small
vesicles with PATAg-positive contents are observed in cell pe-
riphery and these vesicles are apparently connected to plasma
membrane via plasma membrane tubules.

The protoplast of spermatium is covered with a hyaline, 3 um
thick covering. The spermatial covering appeared as fibrous,
reticulated matrix when observed by TEM and is apparently secret-
ed during spermatogenesis before liberation of spermatium. The
spermatial covering is degraded by certain proteolytic enzymes.

2. In the cytoplasm of trichogyne, concentric, longitudinal-
ly-arranged ERs, dictyosomes and mitochondria are observed.

Secretion of small vesicles apparently derived from ERs is de-

tected in the apex of trichogyne. The cell wall of trichogyne is




Fae e e RS S S i S

covered with PATAg-positive, fibrous coat.

3. The attachment of spermatium to trichogyne can be estab-
lished very rapidly after spermatium inoculation. Immediately
after spermatium inoculation, the attachment of the surface of
spermatial covering to the trichogyne coat become stable enough
to be maintained after TEM preparation. In 5 min after inocula-
tion, the spermatial covering is eliminated completely only at
the site of attachment resulting in the direct attachment of
spermatial plasma membrane to the trichogyne cell wall surface.

The gamete attachment is effectively inhibited by brief
pretreatment of spermatia with proteolytic enzymes as well as by
destruction of PATAg-positive compound of trichogyne coat with
periodic acid oxidation followed by sodium borohydride reduction.

4. After the direct attachment of gametes, prophase-arrested
spermatial nucleus proceeds the nuclear division. Nuclear en-
velope remained intact throughout the nuclear division and,
during degeneration of interzonal midpiece at late anaphase and
early telophase, both invasion of organelles (i.e., large vesi-
cles, mitochondria) and reformation of nuclear envelopes occur
between the derivative nuclei. The nuclear envelope polar gap is
formed from prometaphase to telophase. Polar rings disappears
before prometaphase.

The completion of spermatial nuclear division (telophase) is
observed in 45 min after spermatium inoculation. In the TEM
specimens at 180 min, all the spermatia with nucleus remained at
early prophase have their plasma membrane not attached directly
to the trichogyne wall surface. This indicates the direct attach-

ment of gametes is necessary to the post—-prophase progression of
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spermatial nuclear division.

As spermatial nuclear division proceeds, cell wall material,
recognized as calcofluor- and PATAg-positive material, is formed
around the spermatium. Concomitantly, the small, PATAg-positive
vesicles decreased in the cytoplasm, implying that the vesicle
contents is the source of the cell wall material.

5. After completion of spermatial nuclear division, the
cytoplasm of the binucleate spermatium invades into and expands
within the trichogyne cell wall before cytoplasmic fusion of
gametes. Both of the two derivative nuclei (male nuclei) of
spermatial nuclear division enter the trichogyne cytoplasm and
migrate toward either the apex or the base of trichogyne. The
trichogyne fused with multiple spermatia and many male nuclei are
observed to enter into the trichogyne cytoplasm. However, proba-
bly because the limited diameter of the trichogyne and random
migration of male nuclei, the number of male nuclei that invade
into a carpogonial base is no more than three as far as observed. 7

The male nucleus invading into the carpogonial base is
associated with a number of MTs but not with a polar ring. The
male nucleus maintains its condensed state until nuclear fusion
with a carpogonial nucleus. The carpogonial nucleus 1is not asso-
ciated with the polar ring.

6. Though the ratio is invariably lower than intraspecific

controls, the attachment and fusion between gametes of Palmaria

palmata and Halosaccion yendoi were readily observed in the

intergeneric spermatium inoculation experiments. The nuclear

fusion of Halosaccion male and Palmaria carpogonial nuclei was

observed but no zygote development was detected.
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Table 1. Viability test of spermatia after complete degradation of covering.

treatment FDA Evan’s blue

none i = =

1% pronase E, 180 min + -

1% trypsin, 180 min 4 =

1% glutaraldehyde, 30 min - +

0.056% saponin, 30 min - +

70°C, 10 min e + .

. r - - - F . - -~ -

s s ol bl . e




Table 2. Effect of Pronase E preincubation (5 min) of spermatia on attachment to

untreated trichogynes.

pretreatment No. of No. of spermatia
trichogynes attached spermatia /trichogynes
control 156 DED 3.36
165 660 4.00
0.01% (w/v) Pronase E 118 73 0.62
137 41 0.29 2
0.1% Pronase E 168 18 0.11
187 20 0.11
E ] -_ E. 3 k3 E.: 3 g3 - - g




Table 3. Effect of trypsin preincubation

untreated trichogynes.

(5 min) of

spermatia on attachment to

pretreatment

No. of

trichogyvnes

No. of

attached spermatia

spermatia

/trichogynes

control 256 966 77
271 894 30
0.05% (w/v) trypsin 311 483 b5
336 473 41
0.5% trypsin 259 15 06
354 j &7 03

B B ELs




Table 4. Effect of degradation of vicinal-glycols of trichogyne coat on gamete

attachment. (+; indicates present)

pretreatment of trichogyne No. of No. of spermatia
oxidation reduction trichogynes attached spermatia /trichogynes
periodic acid + 185 58 g.03
76 24 0,32
hydrogen peroxide + 126 570 1.52
200 671 3.36 i
none (pH 4.0) + 126 977 T+ 75 i
239 387 b e i <
- E . E . J - E . ) 2 - ]




Table 5. Time course of changes in the ratio of four nuclear stages

spermatia attached to the trichogyne.

8 in all

time (min) carpogonia

spermatia

totalP? invaded® karyogamyd total® state 1 state 2 state 3 state 4
(%) (%) (%) (%)
30 170 0 0 1272 g8 Z 0 0
60 211 0 0 1328 54 3% T 1
120 165 7 4 1379 43 2 18 17
180 184 18 40 1267 S 12 19 33

& The four nuclear stages of spermatia are explained in results.

b All the carpogonia formed on the coverslip were counted.

€ Carpogonia invaded by male nucleus, but karyogamy did not occur.
d Carpogonia where the carpogonium nucleus fused with

&

nucleus.

A1l the spermatia that attached to the trichogynes were counted.




h Table 6. Intra- and interspecific spermatium inoculation between Halosaccion

vendoi from Akkeshi and Palmaria palmata from Muroran.

female male total number of number (%) of trichogynes of

trichogynes

state 1 state 2 atate 3
Halosaccion Halosaccion 102 30 (29) 11 (11) 61 (60)
108 30 (28) 8 (7) 70 (65)
Palmaria Palmaria 108 57 (53) 16 (15) 85 132) %
103 57 (55) 16 (16) 30 (29) -
Halosaccion Palmaria 111 87 (78) 8 (7) 16 (15)
118 80 (68) 6 (5H) 32 L27)
Palmaria Halosaccion 108 91 (84) 15 414) 2 . (2)
106 80 (76) 16 (15) 10 (9)
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PLATE 1

Figs. 1-9. Liberated spermatia of Palmaria palmata.

Fig. 1. Light micrograph using Nomarsky differential interferences-contrast
optics. Living material. The cell is composed of vacuolar region (arrow) and
nuclear region (arrowhead). Scale = 5 pum.

Fig. 2. Light micrograph of co-aggregated cells by agitation. Living material.
Prepared in India ink/seawater. The cells (arrowhead) are covered with trans-
parent coverings (arrow), which exclude carbon particles of India ink. Scale = ’
10 pm.

Fig. 3. DAPI-stained cells. a) Phase contrast and b) epifluorescence microsco-

Py« Seale = 5 pm,

Figs. 4-9. TEM micrographs. Specimens were prepared by method A except for

Fig. 4. Median section showing a condensed spermatial nucleus, large vesicles

(V), mitochondria (M), and small, dark-cored vesicles (arrowheads). Scale = 1

nm.

Figs. 5-9. Cell periphery. Scale in Fig. 5 (0.5 um) applies also to Figs. 6-8.

Fig. 5. Peripheral tubules closely associated with peripheral ER (arrowheads).

Fig. 6. Close association (arrowheads) of peripheral tubules with dark-cored 3
vesicles.

Figs. 7, 8. PATAg test of dark-cored vesicles.

Fig. 7. Section reacted with periodic acid. Vesicles are stained positively.

Fig. 8. Hydrogen peroxide control. An arrowhead indicates unstained vesicle. 9

Fig. 9. Dictyosome-like layered membranes (arrowhead) observed adjacent to a

mitochondrion. Scale = 0.5 um.
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PLATE 2 9

Figs. 10-12. TEM micrographs of spermatia. Specimens were prepared by method

Fig. 10. Nucleus with a pair of PRs (arrowheads) above polar depressions of

|

nuclear envelope. Scale = 1 um.

Figs. 1la, b. Examples of a pair of PRs in another nucleus. Some extra- and
intranuclear MTs (arrows) are assembled toward a PR. Scale = 0.5 pum.

Figs. 12a-d. Series of cross sections of polar depression of nuclear envelope. *
Scale = 0.2 pm. Fig. 12b is a tangential section of nuclear pores

(arrowheads). Arrows indicate cross or oblique view of intra- (Fig. 12a) and

extranuclear MTs (Figs. 12¢, d).
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PLATE 3
Figs. 13-17. Spermatia prepared in India ink/seawater. Scale in Fig. 13 (10
pm) also applies to Figs. 14-17.
Figs. 13-15. Living materials. Scale in Fig. 12 (10 pm) also applies to Figs.
13-186.
Fig. 13. Untreated. Colorless coverings (arrow) uniformly observed around the
cell (arrowhead).
Fig. 14. Treated with 1% Pronase E for 30 min. The spermatial covering (arrow) -
is thinner than that of untreated cells.
Fig. 15. Treated with 1% Pronase E for 120 min. The spermatial covering cannot

be detected.

Figs. 16, 17. Spermatia fixed in 1% glutaraldehyde in ASW attached on cover- y
slips coated with poly-L-1lysin.
Fig. 16. In 90% ethanol after gradual dehydration. Shrunken spermatial cover-
ings (arrows) outlined by sediment of carbon particles of India ink.
?
Fig. 17. In water after dehydration followed by gradual ’re-hydration’. Sper-
matial coverings (arrows) have recovered in thickness.
Figs. 18-20. Transmission electron micrographs. Median section of spermatium.
An asterisk indicates spermatial covering and an arrow indicates plasma mem- 2
brane. Scale in Fig. 18 (0.5 pm) also applies to Figs. 19, 20. Prepared by
method C.
Fig. 18. Untreated spermatium. Fibrous reticulated spermatial covering is
observed around plasma membrane. .
Fig. 19. Treated with 0.1% Pronase E for 90 min. The spermatial covering has
thinned moderately.
Fig. 20. Treated with 1% Pronase E for 90 min. The spermatial covering is no .

longer detected.
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PLATE 4

Figs. 21, 22. Time course of thickness changes in non-fixed spermatial cover-

ings during treatment with proteolytic enzymes. Data were expressed as % of

control. Vertical lines indicate + standard deviation. Controls were treated

with ASW only.
Fig. 21. Treated with 1%
circle) Pronase E.

Fig. 22. Treated with 1%

(black square), 0.1% (white square), or 0.01% (black

trypsin (white square), or 1% papain (black square).
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Figs.

23-25. Time course of thickness changes in spermatial coverings during

PLATE 5

treatment with proteolytic enzymes. Data were expressed as % of control.

Vertical lines indicate + standard deviation.

only.

Fig.

285

Controls were treated with ASW

Non-fixed spermatial coverings. Treated with 0.5% trypsin (white

square), or 0.5% trypsin along with 1mM PMSF (black square).

Fig.
Fig.

Fig.

24,
24,

20

25. Glutaraldehyde-fixed

Treated with 0O

Treated with 0.

5% (white
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5% (white

spermatial coverings.
square), or 0.1% (black

square), or 0.1% (black

square) Pronase E.

square) trypsin.
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PLATE 6
Figs. 26-28. Transmission electron micrograph of development of spermatangia.
Scales = 1 pm.

Figs. 26a, b. Serial sectioning of young spermatangium. Prepared by method A.

Fig. 26a is the second section after the one shown in Fig. 26b. Electron-

transparent vesicles (arrows) are secreted from whole surface of the sperma-

tial cell inside the spermatangium cell wall.

Fig. 27. Young spermatangium. Method D. The secreted vesicles (arrows) contain -
fibrous, reticulate material.

Fig. 28. Spermatangium at a more advanced stage. Prepared by method D. Fi-

brous, reticulate material is observed in the gap (arrows) formed between the

spermatial cell and spermatangium cell wall.







PLATE 7
Figs. 29-37. Transmission electron micrograph of trichogynes.
Figs. 29-31. Cross section of median portion. Scales = 1 um.
Fig. 29. Prepared by method C. Fibrous trichogyne coat (arrowhead) is observed
uniformly on the surface of the trichogyne cell wall (arrow).
Fig. 30. Method D. Radiating morphology of trichogyne coat further enhanced.
Fig. 31. Method E. Note the concentric arrangement of ERs (arrows) and a
vacuole (V).
Figs. 32, 33. Longitudinal section of trichogyne apex. Scales = 1 pm.
Fig. 32. Method D. Fibrous trichogyne coat (arrow) is observed uniformly on
the surface of the trichogyne apex.
Fig. 33. Method E. Small vesicles (arrows) are secreted within the apical thin
cell wall, and densely arranged ERs are seen adjacent to the vesicles.
Fig. 34. Longitudinal section of median portion of trichogyne. Mitochondria
(arrows) and a dictyosome (arrowhead) were seen. Prepared by method E.
Figs. 35-37. PATAg test on oblique section of trichogyne. Scale (1 pm) in Fig.
35 also applies to Figs. 36, 37.
Figs. 35, 36. Untreated trichogyne.

Fig. 35. Periodic acid oxidation. Trichogyne coat (arrow) is stained positive-
Tar,

Fig. 36. Hydrogen peroxide control. Trichogyne coat (arrow) is stained nega-
tively.

Fig. 37. Trichogyne after oxidation by periodic acid-sodium borohydride treat-

ment. Periodic acid oxidation in PATAg test. Trichogyne coat (arrow) is very

slightly PATAg-positive.
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PLATE 8
Figs. 38-40. Attachment of spermatium to trichogyne.
Figs. 38a, b. Light microscopy. Examples of living material 5 min after sper-
matium inoculation. Prepared in India ink/seawater. An arrowhead indicates 1
attachment of spermatial cell surface to trichogyne. Spermatial covering has
been eliminated only at the site of attachment. Scale = 10 pm.
Figs. 39, 40. TEM micrographs of cross section of trichogyne (T) inoculated
with spermatia. The cross section illustrated is where each spermatium was ;-
located in the closest position to the trichogyne in serial sectioning. Pre-
pared by method C. Scale in Fig. 39 (0.5 pm) applies also to Fig. 40.
Fig. 39. Immediately after spermatium inoculation. Surface of spermatial
i
covering (asterisk) is directly attached to the trichogyne coat (arrow).
Fig. 40. Five minutes after spermatium inoculation. The spermatial covering
has been completely eliminated and spermatial plasma membrane (arrowhead) is
tightly attached to trichogyne cell wall surface (arrow).
&
Figs. 41-44. Spermatial nuclear division. Light microscopy. DAPI-stained. a)
Phase contrast. b) Epifluorescence. Scale in Fig. 41 (5 pm) applies also to
Figs. 42-44.
Fig. 41. Further condensation of chromatin, or chromosomes, of spermatial -
nucleus observed 15 min after spermatium inoculation.
Fig. 42. Chromosomes aligned along the equatorial plate at 30 min.
Fig. 43. Segregation of chromosomes at 45 min.
“
-

Fig. 44. Binucleate spermatium at 60 min.




Sl




PLATE 9
Figs. 45-48. Ultrastructure of spermatial nuclear division. Prepared by method
B.
Fig. 45. Prometaphase at 15 min. Arrowheads delimit nuclear envelope gap near
the spindle polar region. Arrows indicate MTs. Scale = 1 pm.
Fig. 46. Early anaphase at 30 min. Arrows indicate upper and lower spindle
polar regions. Fully condensed chromosomes with kinetochores (arrowheads) had
moved slightly toward the polar regions. Scale = 1 um.
Figs. 47a-c. Serial sectioning of the upper spindle polar region
shown in Fig. 46. Scale = 0.2 pm. Fig. 47a is a magnification of Fig. 46.
Arrows indicate MTs assembled toward the polar region. Continuity of nuclear
envelopes along the region is unclear.
Figs. 48a, b. Examples of kinetochores observed in other metaphase or anaphase

nuclei. Microtubule that appears to be associated with the kinetochore is

indicated by an arrow. Scale = 0.2 pm.
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PLATE 10
Figs. 49a, b. Ultrastructure of an early telophase spermatial nucleus. Forty-
five minutes after spermatium inoculation. Prepared by method B. Scale = 1 um.
Fig. 49a is the twenty-eighth section after the one shown in Fig. 49b. Nuclear )

envelopes (double arrowheads) are partially regenerated along segregated
derivative nuclei (asterisk). Double arrows indicate remnant of nuclear en-
velope around interzonal midpiece. Kinetochores (arrowheads) remain facing

toward large polar gap delimited by arrows. )







PLATE 11

Figs. 50a, b. Ultrastructure of an early telophase spermatial nucleus. Forty-

- v

five minutes after spermatium inoculation. Prepared by method B. Scale = 1 pm.
Fig. 50a is the seventh section after the one shown in Fig. 50b. Interzonal s

24
J#

midpiece (double arrow) had been intensely constricted but nuclear envelopes
of both derivative nuclei (asterisk) remain continuous with each other. Cyto-
plasmic components such as large electron-transparent vesicles and mitochon-
dria have entered between the derivative nuclei. Nuclear envelopes (arrows) =
has partially regenerated along each polar gap. Kinetochores (arrowheads)

remained facing toward the polar gap.
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: PLATE 12 1
K 1
b Fig. 51. Ultrastructure of a spermatium that remained uninucleate 180 min 1
|
% after spermatium inoculation. Prepared by method A. Spermatial covering re- ;
{ mains between spermatial plasma membrane (arrow) and trichogyne surface (T),
& _ , §
/ and the PR (arrowhead) has not disappeared. Scale = 1 um.
Figs. 52-55. Cell wall formation of spermatium.
Figs. 52, 53. Living material 60 min after spermatium inoculation. Stained
with calcofluor. a) Phase contrast. b) Epifluorescence. Scale in Fig. 52 (5
um) applies also to Fig. 53.
Fig. 52. Binucleate spermatium attached to trichogyne (T). Cell wall material
. . - » . "
is detected around the cell with two derivative nuclei (arrowheads). §
Fig. 53. Uninucleate spermatium attached to trichogyne (T). Cell wall material ‘
i
is not detected. i
|
Figs. 54, 55. PATAg test of cell wall of anaphase or telophase spermatium 45
min after spermatium inoculation. Scale in Fig. 54 (0.5 pm) also to Fig. 55. ;
17 G . . . e s : :
Fig. 54. Section treated with periodic acid. ‘ '
Fig. 55. Hydrogen peroxide control. PATAg-positive material (arrow) is detect- ]
ed around plasma membrane (arrowhead) in Fig. 54, but not in Fig. 55. :
"
Figs. 56-59. Tetraspore germination of Palmaria palmata.
F
Figs. 56, 57. DAPI-stained. Epifluorescence. Scale in Fig. 56 (20 um) also i
applies to Fig. bH7.
Fig. 56. Sixty minutes after spore inoculation.
Fig. 57. Eighteen hours. Metaphase or anaphase nuclei are seen.
Figs. 58, 59. Calcofluor-stained. a) Bright field. b) Epifluorescence. Scale
in Fig. 58 (20 pm) also applies to Fig. 59. F
Fig. 58. Liberated tetraspore. No fluorescence is detected.
A

Fig. 59. Sixty minutes after inoculation. Calcofluor-positive material can be

detected around the cell surface.
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PLATE 13

Figs. 60-62. Gamete fusion. DAPI-stained. a) Brightfield. b, c¢) Epifluores-

cence. Scales = 5 pm.

Fig. 60. Invasion and migration of male nuclei to the trichogyne (T) 60 min .

after spermatium inoculation. One derivative nucleus (arrow) of the spermatium

has invaded and another (double arrow) remains in the cell. An arrowhead

indicates a migrating male nucleus from another fused spermatium.

Fig. 61. Nuclear fusion at 180 min. Carpogonial nucleus (arrowhead) with .

unstained nucleolus fuses with a condensed male nucleus (arrow). Double arrow
indicates trichogyne of the carpogonium.
Fig. 62. Female germling 90 min after spermatium inoculation. Figs. a, b are |
in the same focal plane. Figs. b, c are epifluorescence in different focal
planes. Two male nuclei (arrows) have invaded the carpogonial base of the
germling. A carpogonial nucleus (arrowhead) fused with one of the male nuclei.
Figs. 63-65. Ultrastructure of cytoplasmic fusion process between binucleate
spermatium (one of two male nuclei designated an asterisk) and trichogyne

=

cvtoplasm (T). Scale in Fig. 63 (0.5 um) applies also to Figs. 64, 65.
Figs. 63, 64. Sixty minutes after spermatium inoculation. Prepared by method
B. )
Fig. 63. Binucleate spermatium tightly attached to trichogyne cell wall sur-

face. An arrow indicates cell wall surface of the trichogyne and an arrowhead

indicates the plasma membrane of the spermatium.

Fig. 64. Invasion and expansion of spermatial cytoplasm (arrowheads) into
|

trichogyne cell wall. Fig. 65. Cytoplasmic fusion observed at 120 min. Method

A.
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PLATE 14
Fig. 66. Spermatial cell (asterisk) and opening between fused spermatial
cytoplasm and trichogyne cytoplasm after invasion of two male nuclei at 180
min after spermatium inoculation. Method A. Mitochondria, large vesicles and
electron-dense body were left in the cytoplasm of the spermatium. Mitochondria
and membraneous structures were observed within the opening. Scale = 1 um.

Figs. 67-69. Ultrastructure of migrating male nucleus (asterisk) at 180 min.

Fig. 67. Male nucleus migrating in the trichogyne. Method A. Scales = 2 um.
Fig. 68. Male nucleus migrating in the trichogyne. Method B. Scales = 1 um.

Fig. 69. Serial sectioning of male nucleus in carpogonial base associated with

MTs (arrows). An arrowhead indicates MT-filled nuclear groove. Scales = 1 pm.
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PLATE 15 )
Figs. 70-72. Ultrastructure of female gametophyte.
Fig. 70. Serial oblique sectioning of the basal portion of trichogyne (T).
Arrows indicate the electron-transparent outline of inner primary cell wall of v
L
female germling. b) is the second section from a). Scale = 2 um.
Figs. 71, 72. Ultrastructure of carpogonial nucleus that co-existed with the
male nucleus of Fig. 69 in the same carpogonial base. Method B.
Fig. 71. Median section. Scale = 1 pm. ’\

Fig. 72. Tangential section showing nuclear pores (arrow). Scale = 0.2 um.
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