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Gamete surface and attachment during fertilization of Palmaria sp.
(Palmariales, Rhodophyta)
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Attempts to characterize the gamete surface structures of Palmaria sp. (Palmariales, Rhodophyta) were
made. The colorless covering of the living and chemically fixed spermatium was degraded by proteolytic en-
zymes added to the spermatial suspension without affecting cell structure and viability. The trichogyne cell
wall was coated with a fibrous structure containing vicinal glycol residues which were destroyed by periodic
acid oxidation followed by sodium borohydride reduction. A brief pretreatment of spermatia by proteolytic
enzymes significantly inhibited the gamete attachment as well as the degradation of vicinal glycols of the
trichogyne coat. These results suggest that the specific gamete attachment during fertilization of this alga is
principally governed by these adhesive surface structures.
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In the life history of red algae, syngamy is
achieved by fusion between a non-flagellated
spermatium liberated from a spermatangium
and a trichogyne, a specialized process of a
carpogonium formed on the thallus. Though
amoeboid movement has frequently been
noted in red algal spermatia (Dixon 1973), the
initial attachment of the passively moving
spermatia to the trichogyne is established im-
mediately after spermatium inoculation to
trichogynes (Mine and Tatewaki 1994).
Therefore, adhesive gamete surfaces may
play critical roles in the recognition and at-
tachment between these, essentially non-mo-
tile gametes.

There have been a number of ultrastructur-
al and cytochemical studies on the spermatial
surface structure in red algae (e.g. Scott and
Dixon 1973, Kugrens 1974, 1980, Peel and
Duckett 1975, Fetter and Neushul 1981,
Magruder 1984, Cole et al. 1985, Broadwater
etal. 1991, Kim and Fritz 1993a, b, Mine and
Tatewaki 1994). Some of these studies on
bangiacean and ceramiacean algae have
shown specialized spermatial appendages

! glycols.
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concerned with the attachment to trichogynes
(Magruder 1984, Cole ¢t al. 1985, Broadwater
et al. 1991, Kim and Fritz 1993a, b). The
ultrastructure (Broadwater and Scott 1982,
Mine and Tatewaki 1994) and histochemical
nature (Cole et al. 1985) of the receptive sur-
face of female gametes have also been report-
ed in some species.

Experimental studies on the attachment of
spermatia to trichogynes have also existed in
several red algae. Comparisons of gamete
attachment between intraspecific and inter-
generic fertilization have been made in cer-
amiacean (Magruder 1984) and palmariacean
(Mine and Tatewaki 1993) algae. Kim and
Fritz (1993a) developed an experimental sys-
tem for quantitative assays of gamete attach-
ment using a uniseriate ceramiacean alga.
They demonstrated the inhibitory effect of a
lectin and a specific sugar on the attachment.

The palmariacean algae have a unique life
history (van der Meer and Todd 1980, van
der Meer 1981, Mitman and Phinney 1985,
Deshmukhe and Tatewaki 1990, Mine and
Tatewaki 1993) providing a sufficient number
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of naked, sessile carpogonia and good oppor-
tunities for observations and experiments of
the fertilization processes (Mine and
Tatewaki 1993, 1994). We have previously
shown the morphology of the spermatial cover-
ing and trichogyne coat of Palmaria sp., both
of which apparently mediate the gamete
attachment during fertilization of this alga
(Mine and Tatewaki 1994). In this paper,
we report a part of the cytochemical feature of
these gamete surface structures and the inhibi-
tion of gamete attachment by chemical and en-
zymatic pretreatment of the gamete surfaces.

Materials and Methods

Preparation of male and female gametes, and com-
parative spermatium inoculation

Mature sporophytes and male gameto-
phytes of Palmaria sp. were collected from
January to June of 1992 and 1993 at Charat-
sunai, Muroran, Hokkaido. Tetraspore ger-
mlings containing mature female gameto-
phytes growing on coverslips, and spermatial
suspensions from male gametophytes were
prepared as described previously (Mine and
Tatewaki 1994). Artificial seawater (ASW)
was 450 mM NaCl, 30 mM MgCl,, 16 mM
MgSO,, 10mM KCIl, 10 mM CaCly, and
8.25 mM Tris-HCI (pH 7.8).

To estimate the effect of gamete pretreat-
ment on the gamete attachment, comparative
spermatium inoculation experiments were
conducted. Pretreatment procedures were as
described below and spermatium inoculation
was carried out as described previously (Mine
and Tatewaki 1994) using pretreated and
control gametes. After inoculation, coverslips
with tetraspore germlings were then washed
by pipetting 10 times with ca. 3 m/ of calci-
um-depleting ASW (ASW without CaCl,
added with 1 mM ethylene glycol-bis[beta-
aminoethyl ether] N,N,N’,N'-tetraacetic acid)
to remove indirectly co-aggregated spermatia
(Figs. 1, 2). Samples were then fixed in 1%
glutaraldehyde (GA) in ASW for 1-3h at
4°C. After rinsing with ASW, samples were
mounted in a 1:1 mixture of ASW and
glycerol, and the numbers of trichogynes and
attached spermatia were determined under
light microscopy.

A gamete attachment was estimated by
counting the number of attached spermatia
divided by the number of trichogynes grown
on the examined coverslip (designated ‘sper-
matia/trichogynes’). In an experiment, tetra-
spore germlings derived from the same tetra-
spore suspension were used in both control
and experimental duplicate coverslips and
they were inoculated simultaneously with

Figs. 1-14. Light and transmission electron micrographs of Palmaria sp. Figs. 1, 2. Light micrographs of

trichogynes inoculated with untreated spermatia.

Living material. Scale bar=>50 gum. Fig. 1. Washed in

ASW. Numerous indirectly co-aggregated spermatia (arrowhead) remain around a trichogyne (arrow). Fig. 2.
Washed in calcium-depleting ASW. Spermatia (arrowheads) attached directly to the trichogynes (arrows) re-
main. Figs. 3-7. Light micrographs of spermatia prepared in India ink/seawater. Scale bar=10 gm. Figs. 3-5.
Living materials. Fig. 3. Untreated. Colorless, ca. 3 ym thick covering (arrowhead) excluding carbon particles
of India ink is observed around the cell (arrow). Fig. 4. Treated with 1% Pronase E for 30 min. The spermatial
covering (arrowhead) is thinner than that of untreated cells. Fig. 5. Treated with 19§ Pronase E for 120 min. The
spermatial covering cannot be detected. Figs. 6, 7. Spermatia fixed in 196 GA in seawater attached on coverslips
coated with poly-L-lysin. Fig. 6. In 90% ethanol after gradual dehydration. Shrunken spermatial coverings (ar-
rowheads) are outlined by sediment of carbon particles of India ink. Fig. 7. In water after dehydration followed by
gradual rehydration. Spermatial coverings (arrowheads) have recovered in thickness. Figs. 8-10. Transmission
electron micrographs. Median section of a spermatium. SC indicates a spermatial covering and an arrowhead in-
dicates plasma membrane. Scale bar=0.5 yum. Fig. 8. Untreated spermatium. Fibrous reticulated spermatial
covering is observed around plasma membrane. Fig. 9. Treated with 0.1 Pronase E for 90 min. The sper-
matial covering has thinned moderately. Fig. 10. Treated with 1% Pronase E for 90 min. The spermatial cover-
ing is no longer detected. Figs. 11-14. PATAg test on an oblique section of trichogyne. An arrowhead indicates a
trichogyne coat. Scale bar=1 gm. Figs. 11, 12. Untreated trichogyne. Fig. 11. Section oxidized with periodic
acid. The trichogyne coat is stained positively. Fig. 12. Section oxidized hydrogen peroxide as a control. The
trichogyne coat is stained negatively. Figs. 13, 14. Trichogyne treated by oxidation and sodium borohydride
reduction before preparation for PATAg test. Section was oxidized with periodic acid in PATAg test. Fig. 13.

Trichogyne oxidized with periodic acid. The trichogyne coat is very slightly PATAg-positive.

Fig. 14.

Trichogyne oxidized with hydrogen peroxide. The trichogyne coat is significantly PATAg-positive.
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spermatia of the same spermatial suspension.

Enzymatic treatment of spermatial covering

A spermatial suspension was diluted with
ASW into 200 spermatia per g/ 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 measure-
ment, 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 light
microscopy within 5 min. The thickness of
the covering was calculated by subtracting the
average cell diameter (5 #m) from the meas-
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Table 1. Viability test of spermatia after com-
plete degradation of covering.

Treatment FDA Evan’s blue

None

1% Pronase E, 180 min
1% trypsin, 180 min
1% GA, 30 min

0.05% saponin, 30 min
70°C, 10 min -

+ 4+
Lo

|
+ 4+ +

ured outer diameter and dividing by two. A
stock solution of phenylmethylsulphonylfluo-
ride (PMSF; Wako; 0.2 M in ethanol) was ad-
ded along with trypsin in some experiments.

When enzyme-pretreated spermatia were
used for spermatium inoculation, the pretreat-
ed spermatia were washed 3 times by centrifu-
gation (1,500 X g, 5 min) followed by resuspen-
sion in ASW before inoculation. An approxi-
mately 3 X 103-fold dilution of the enzyme was
made after these washes and an equal amount
of the enzyme remaining in the pretreated in-
oculum was added to the control immediately
before spermatium inoculation.

If chemically fixed spermatia were subject
to enzymatic treatment, the spermatial sus-
pension was mixed with an equal volume of
2% GA 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 containing mature
female gametophytes were fixed in 1% para-
formaldehyde in ASW for 30 min at 4°C, and
washed in ASW 3 times. Samples were oxi-

dized in 10 mM periodic acid in ASW contain-
ing 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 em-
ployed (Table 4). 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 spermatia 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.
59% in ASP;,NTA (Provasoli 1963)) and FDA
(2mg mi™! in acetone) were added to cell
suspensions to make final concentrations of
0.5% and 4 pg ml~!, respectively. Observa-
tions of FDA-stained samples were carried
out on an Olympus BH2-RFK epifluores-
cence microscope using “B-excitation”.

To kill the cells for negative controls of the
viability test, three methods were employed;
1) spermatia were fixed in 1% GA 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 70°C for
10 min. Attachment did not occur between
these killed spermatia and trichogynes.

TEM preparation and cytochemistry

The method for preparation and observa-
tion of the TEM specimen was the same
method for enhancement and preservation of
spermatial covering and trichogyne coat used

Table 2. Effect of Pronase E pretreatment (5 min) of spermatia on attachment to untreated trichogynes.
Pretreatment No. of trichogynes No. of attached spermatia Spermatia/trichogynes
Control 156 525 3.36

165 660 4.00
0.01% (w/v) Pronase E 118 73 0.62
137 41 0.29
0.1% Pronase E 168 18 0.11
187 20 0.11
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Table 3. Effect of trypsin pretreatment (5 min) of spermatia on attachment to untreated trichogynes.
Pretreatment No. of trichogynes No. of attached spermatia Spermatia/trichogynes
Control 256 966 3.77

271 894 3.30
0.05% (w/v) trypsin 311 483 1.55
336 473 1.41
0.5% trypsin 257 15 0.06
354 12 0.03

in Mine and Tatewaki (1994). Compounds
containing vicinal glycol residues were
cytochemically localized by a periodic acid—
thiocarbohydrazide—silver proteinate (PA-
TAg) test according to Roland and Vian
(1991). Specimens for cytochemistry were
fixed in 3% GA, 2% NaCl in cacodylate
buffer (pH 7.2), washed in buffer containing
NaCl, rinsed in water, dehydrated in ethanol
and embedded in LR white (London Resin,
Hampshire).

Results

Spermatial covering

The spermatial covering could be detected
under the light microscope as ca. 3 ym thick
colorless covering which excludes carbon par-
ticles of India ink (Fig. 3). The spermatial
covering exhibited semisolid, or a gel-like
character. The appearance of the covering
was not changed even after fixation by GA in
seawater. Upon gradual dehydration in
ethanol of GA-fixed spermatia, the apparent
thickness of the covering decreased (Fig. 6).
After a gradual rehydration in water, the
covering thickness almost completely reco-
vered (Fig. 7).

The spermatial covering was degraded by
proteolytic enzymes. As observed under the
light microscope, non-fixed spermatial cover-
ings became thinner in both concentration-
and time-dependent manner (Figs. 4, 5, 15,
16). In the presence of 1 mM PMSF, the
decrease in the covering thickness by trypsin
was partially repressed (Fig. 17). After
prolonged enzymatic treatment, e.g. 1-2h in
1% Pronase E, the coverings were no longer
detected around spermatial cell surfaces
(Figs. 5, 15). The viability of spermatia after
deletion of the coverings by enzymatic treat-
ment was confirmed (Table 1).

In the TEM specimen, a fibrous, reticulat-
ed substructure of the spermatial covering
was seen on the plasma membrane of sperma-
tia (Fig. 8). The decrease in the covering
thickness (Fig. 9) or disappearance of the
covering (Fig. 10) by proteolytic enzymes was
also observed. In addition, the decrease in
the covering thickness by Pronase E (Fig. 18)
and trypsin (not shown) also occurred in
GA-fixed spermatia.

Trichogyne coat
The cell wall surface of the trichogyne was
uniformly coated with fibrous structures

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

Oxidative agent used

in trichogyne pretreatment No. of trichogynes No. of attached spermatia  Spermatia/trichogynes
Periodic acid 185 58 0.31
76 24 0.32
Hydrogen peroxide 126 570 4.52
200 671 3.36
None (pH 4.0) 126 977 7.75
239 387 2.78
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(Mine and Tatewaki 1994), and this
trichogyne coat was composed of a PATAg-
positive material (Figs. 11, 12). This PA-
TAg-positive reaction mostly disappeared af-
ter periodic acid oxidation followed by sodi-
um borohydride reduction of chemically fixed
trichogynes (Fig. 13), but not after oxidation
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by hydrogen peroxide and reduction (Fig.
14). The periodic acid-sodium borohydride
treatment thus appeared to specifically des-
troy the PATAg-positive structure, i.e., vici-
nal glycol residues, of the trichogyne coat.

Inhibition of gamete attachment by gamete pretreat-
ment

The pretreatment, which was expected to
destroy the gamete surface structures, inhibit-
ed the attachment of spermatia to
trichogynes. A brief pretreatment (5 min) of
spermatia by proteolytic enzymes disrupted
the ability of the spermatia to attach to the
trichogynes (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
pretreatment mixture. On the other hand,
periodic acid oxidation followed by sodium
borohydride reduction of fixed trichogynes
also inhibited the gamete attachment sig-
nificantly (Table 4). In contrast to an un-
clear difference between the controls without
oxidation and those with hydrogen peroxide
oxidation, a significantly smaller number of
spermatia attached to the periodic acid-oxidat-
ed trichogynes.

Discussion

Gamete surfaces

In the present study, the viability and
ultrastructure of spermatia were not changed
after spermatial covering degradation by pro-
teolytic enzymes. The degradation also oc-

Figs. 15-18. Time course of thickness
changes in spermatial coverings of Palmaria sp. dur-
ing treatment with proteolytic enzymes. Data were
expressed as % of control. Vertical lines indicate
+1/2 standard deviation. Controls were treated
with ASW only. Figs. 15-17. Coverings of non-
fixed spermatia. Fig. 15. Treated with 1% (white
circle), 0.1% (black circle), or 0.01% (white square)
Pronase E. Fig. 16. Treated with 1% trypsin (white
circle), or 1% papain (black circle). Fig. 17.
Treated with 0.5% trypsin (white circle), or 0.5%
trypsin along with 1 mM PMSF (black circle). Fig.
18. Coverings of GA-fixed spermatia treated with
0.5% (white circle), or 0.1% (black circle) Pronase
E.
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curred in chemically fixed spermatia. There-
fore, the decrease in the covering thickness
during the enzymatic treatment does not
seem to be due to the damage of the covering-
generating activity, if present, of the living
spermatium. Furthermore, since the degra-
dation was inhibited by a specific protease
inhibitor, some protein(s) or polypeptide(s)
which can be hydrolyzed by the enzymes
should be at least one of the constituents of
the covering.

Extracellular proteins have been reported
in a red alga (Hanic and Craigie 1969), but a
proteinaceous nature of spermatial coverings
of red algae has not been demonstrated.
Cytochemical studies on the spermatial cover-
ings of other red algae have shown that they
consist of acidic and neutral polysaccharides
(Peel and Duckett 1975, Cole et al. 1985) or
mannose residues as detected by binding of
lectins (Kim and Fritz 1993a, b). Using
histochemical techniques to detect proteins,
Peel and Duckett (1975) reported a negative
staining in the spermatial covering (as ‘sper-
matial coat’). In Palmaria sp., we have found
no histochemical evidences in the spermatial
covering using several procedures for proteins
that have shown positive reaction in the
spermatial nucleus and cytoplasm (unpubl.
observ.). It is otherwise possible that the
proteinaceous component is indispensable for
maintaining the covering structure but not
the major constituent of the covering. Chem-
ical analysis of the lysate during the sperma-
tial covering proteolysis is in progress.

Although controversial results were ob-
tained in a ceramiacean alga (Kim and Fritz
1993b), we have previously showed that the
trichogyne of Palmaria sp. was stained with
calcofluor (Mine and Tatewaki 1994). Cole et
al. (1985) reported that the receptive surface
(“wall coating”) of female gamete of Bangia
contained vicinal glycol residues as detected
by a periodic acid-Shiff test. In the present
study, we also demonstrated the PATAg-posi-
tive nature of the trichogyne coat in Palmaria
sp. The trichogyne coat was stained by the
PATAg test far more strongly than the
trichogyne and thallus cell walls that have

been reported to consist of vicinal glycol-
containing polysaccharides (Turvey and
Williams 1970, as Palmaria palmata). This
indicates that the trichogyne coat material
contains a large quantity of vicinal glycol
moieties.

Gamete attachment

There have been SEM studies on the ga-
mete attachment in red algae (Magruder
1984, Cole et al. 1985, Mitman and Phinney
1985, Kim and Fritz 1993a). Three exam-
ples given above on the bangiacean and cer-
amiacean algae showed that the spermatia
bore specialized appendages (or ‘corns’) that
were apparently responsible for the initial
binding to the receptive surface of female ga-
mete. This was further supported by the inhi-
bition of gamete attachment by a lectin and a
localization of the lectin binding to the sper-
matial appendage in a ceramiacean alga (Kim
and Fritz 1993a, b). To the contrary, neither
SEM study (Mitman and Phinney 1985) nor
TEM study (Mine and Tatewaki 1994)
showed any appendages on the spermatia of
the palmariacean algae throughout the fertili-
zation processes.

Previous experiments have shown that the
attachment and fusion of gametes in the inter-
generic fertilization were readily observed in
palmariacean algae (Mine and Tatewaki
1993). However, no binding occurred be-
tween the gametes of Aglaothamnion neglectum
and other species of related ceramiacean
genera (Magruder 1984). The difference in
heterologous gamete affinities may be related
to the differences in the morphological and
chemical properties of the gamete surfaces
between ceramiacean and palmariacean algae.

The inhibition of gamete attachment by the
brief pretreatment of Palmaria spermatia with
proteolytic enzymes was probably due to a
degradation of the outermost layer of the sper-
matial covering. It is otherwise possible that
other important proteins were disrupted by
the proteolytic enzymes and this had a secon-
dary effect on the spermatial attachment as ar-
gued in the gamete adhesion of Chlamydomonas
(Goodenough 1991). On the other hand, the
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PATAg-positive  compounds in  the
trichogyne coat appear to be essential for
gamete attachment since the attachment was
markedly inhibited by a specific chemical
degradation of vicinal glycols of the coat.
The PATAg-positive entity can be interpret-
ed 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 indi-
cate lectin-polysaccharide interactions in the
gamete recognition in animals (Rosati 1985,
O’Rand 1988), brown algae (Callow 1985,
Schmid 1993) and a red alga (Kim and Fritz
1993a). If the PATAg-positive compounds
of Palmaria trichogynes are polysaccharides, it
is likely that the complementary adhesive sub-
stance of the spermatial covering is a lectin
that binds to the trichogyne coat polysaccha-
rides. An examination of the effect of lectins
or specific glycosidases on the gamete attach-
ment will provide further information on the
adhesive trichogyne coat containing vicinal
glycols.
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