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Karyology and effects of temperature and photoperiod on the life-cycle

of Porphyra leucosticta Thuret in Le Jolis (Bangiales, Rhodophyta)
from the Mediterranean Sea
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Gargiulo, G. M., De Masi, F., Genovese, G. and Tripodi, G. 1994. Karyology and effects of temperature
and photoperiod on the life-cycle of Porphyra leucosticta Thuret in Le Jolis (Bangiales, Rhodophyta) from the
Mediterranean Sea. Jpn. J. Phycol. 42: 271-280.

Porphyra from the Strait of Messina (Italy), previously referred to P. leucosticta Thuret in Le Jolis, was
the subject of field and laboratory studies. Cross-gradient light-temperature culture indicate that con-
chospore formation requires short daylength (9L : 16D) and a temperature of 15-18°C. Conchospore
release requires short daylength and a temperature of 18°C. Results of culture investigations are used to ex-
plain the seasonal periodicity of growth and reproduction of this species in the study site. The life history in
culture involves an alternation between a macroscopic blade and microscopic filamentous conchocelis
phase. Typically, blades develop from conchospores with bipolar development while conchocelis develops
from carpospores with unipolar development. In addition, both blade and filamentous phases exhibit
direct development. Three chromosomes (n=3) were observed in vegetative blade cells, spermatia and
vegetative conchocelis cells.

Key Index Words:  Conchocelis—karyology—life-cycle—photoperiod—Porphyra leucosticta—Mediterra-

nean—taxonomy.

The red algal genus Porphyra (Bangiales,
Rhodophyta) is represented by more than 75
species (Mumford and Cole 1977). Several
of these species, which are particularly abun-
dant on cold-temperate and boreal shores of
the Pacific and Atlantic Oceans, are of con-
siderable economic significance (Tseng and
Sun 1989). Consequently, it is not surpris-
ing that the biology, ecology and karyology of
Porphyra species have been extensively inves-
tigated (for rewiews, see Cole 1990, Hawkes
1990, Tseng and Sun 1989).

For many of these species, the life history
typically includes a conspicuous blade phase
which alternates with a microscopic filamen-
tous conchocelis phase (Cole and Conway
1980). In sexual species, the conchocelis
phase is diploid, with meiosis occurring in the
germinating conchospore (Burzycki and

! to whom reprints must be requested.

Waaland 1987, Ohme and Miura 1988),
resulting in a mosaic of genetically distinct cel-
lular lines in the haploid blade (Tseng and
Sun 1989). Numerous derived asexual life
history variations have been reported for Por-
phyra species as well (Kapraun and Lemus
1987, Hawkes 1990).

Considerable information is now available
correlating environmental factors, including
water temperature, light intensity and pho-
toperiod with conchospore production and
release and seasonal occurrence of the blade
phase (Conway and Cole 1977, Kapraun and
Lemus 1987, Waaland et al. 1990).

Karyological studies indicate a basic
haploid chromosome number of n=3-4 for
most Porphyra species (Cole 1990, Kapraun et
al. 1991). Asin the closely related genus Ban-
gia (Cole et al. 1983, Gargiulo et al. 1991),
some species of Porphyra are reported to in-
clude populations with different chromosome
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numbers (Kapraun et al. 1991).

Four species of Porphyra have been reported
from the Mediterranean: P. leucosticta Thuret
in Le Jolis, P. linearis Greville, P. perforata J.
Agardh and P. wumbilicalis (L.) J. Agardh
(Hamel 1924, Lanfranco 1969). No pub-
lished information is available for the life
histories in controlled conditions, or on con-

Figs. 1-3.

studied population. Fig. 2. Cross section of the monostromatic lamina.

chospore formation and release for Mediterra-
nean isolates of any of these species. Karyo-
logical data for Mediterranean specimens are
limited to chromosome numbers for the blade
phase of three of these species (Kapraun and
Freshwater 1987, Gargiulo e al. 1989).

This comunication presents the results of
culture and karyological studies conducted to

Porphyra leucosticta.” Fig. 1. Lanceolate, orbiculate or multilobed gametophytic thalli from the
Fig. 3. Surface view of the lamina.
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determine the life history of Porphyra leucosiicta  itiated from carpospores released from ex-

from the Strait of Messina, Italy. cised fragments of fertile fronds, gently
brushed and washed with sterile seawater to
Materials and Methods reduce contaminants.  Fragments were

placed in Petri dishes (50 mm diam.) with

Gametophytic plants of Porphyra leucosticta  sterile seawater. After spore release, excised
Thuret in Le Jolis were collected on intertidal ~ fragments were removed and the spores incu-
rocks in the Strait of Messina, Italy (15°40'E,  bated in a modified von Stosch’s Medium
38°30'N) in January 1990. Cultures were in-  (Guiry and Cunningham 1984), changed
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Figs. 4-8. Porphyra leucosticta. Fig. 4. An elongate area of gametophytic thalli where spermatangia are
differentiated; the other cells are carposporangia. Fig. 5. Surface view of the lamina with spermatangia. Fig. 6.
Cross section of a fertile thallus, where spermatangia are visible. Fig. 7. Surface view of carposporangia. Fig. 8.
Cross section of a fertile thallus with carposporangia.
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Figs. 9-15. Porphyra leucosticta. Fig. 9. Surface view of marginal monosporangia. Figs. 10-12. Haploid
mitotic nuclei with n=3. Fig. 10. Two spermatangia in late prophase. Fig. 11. Vegetative thallus cell. Fig. 12.
Vegetative conchocelis cell. Fig. 13. Early stages of unipolar germination of carpospore. Fig. 14. Conchocelis

thallus originated from unipolar germination of carpospores. Fig. 15. Conchosporangia differentiated on con-
chocelis filaments.
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Table 1. Effect of photoperiod and tempera-
ture on the carpospore germination of Porphyra
leucosticta at 50 pkE-m~2.57!

Photoperiod
(h light : h dark)

Temperature
(°C)

Carpospore
germination

8:16 10 +
15
18
22
25
10
15
18
22
25
10
15
18
22
25

+ + +

12:12

4+ ++ 1+t

weekly. About twenty globose tufts of con-
chocelis filaments were allowed to grow in
each dish, and three dishes where used in
each experiment.

A cross-gradient incubator was used to test
growth and reproduction of conchocelis fila-
ments in different combinations of light and
temperature. Cool white OSRAM fluores-
cent lamps produced a photon flux density at
the surface of cultures between 5 and
70 pkE-m~2-sec™!, measured with a LICOR

Table 2.
50 4E-m~2.57!

275

Quantum radiometer model LI 185 A. Light
regimes were: 8L : 16D; 9L : 15D; 12L : 12D;
16L : 8D. Experimental  temperatures
ranged between 10 and 28°C.

Field observations on local marine environ-
mental conditions and on phenology of P. leu-
costicta were carried out weekly during three
years (1990-92).

Chromosome counts were obtained for cul-
tured and field collected material after fixa-
tion in 3 :1 ethanol : glacial acetic acid and
aceto-orcein staining (Gargiulo ef al. 1991).

Observations and photomicrographs were
made on a Leitz Diaplan microscope
equipped with a standard optical system and
Nomarsky interferential contrast.

Observations

1. Thallus morphology. Gametophytic plants
are monoecious; the blades are lanceolate to
multilobed with ruffled margin, up to 15 cm,
but umbilicate plants are also frequent (Fig.
1). The base of the blade is orbiculate with a
tiny holdfast. Plants are reddish purple, with
linear whitish patches where spermatangia
are formed. The plants are saxicolous.

2. Microscopic observations. The blade is
monostromatic (Fig. 2), in surface view cells
appear roughly quadrangular 10-15X%15-
20 pm (Fig. 3). Spermatangia differentiate

Effect of photoperiod and temperature on the formation of conchosporangia of Porphyra leucosticta at

Photoperiod (h light : h dark) Temperature (°C)

9% of Conchocelis thalli producing sporangia

8:16 10
15
18
22
10
15
18
22
10
15
18
22

12:12

Filaments remain vegetative
100% conchosporangia formed
100% conchosporangia formed
Filaments remain vegetative
Filaments remain vegetative
1596 conchosporangia formed
15% conchosporangia formed
Filaments remain vegetative
Filaments remain vegetative
Filaments remain vegetative
Filaments remain vegetative

Filaments remain vegetative
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Table 3.
50 p.E-m~2.57!

Effect of photoperiod and temperature on the conchospores release of Porphyra leucosticta at

Photoperiod (h light : h dark)

Temperature (°C)

9% of Conchocelis thalli releasing spores

8:16 10
15
18
22
9:15 10
15
18
22
12:12 10
15
18
22
16:8 10
15
18
22

No release

No release

709 spores released
No release

No release

No release

1009% spores released
No release

No release

No release

No release

No release

No release

No release

No release

No release

in the distal part of the blade in whitish stripes
(Fig. 4) and marginal zones (Fig. 5). A sin-
gle spermatangium (Figs. 5, 6, 8) is about
13X 18 ym and forms 64 spermatia. Car-
pogonia are about 15X 20 #m, formed adja-
cent to areas where spermatangia are differen-
tiated. Developing carposporangia give rise
to 8 carpospores (Figs. 5-8). Monospores are
directly derived from vegetative cells on the
margin of the blade (Fig. 9).

3. Karyological observations. Haploid chromo-
some numbers of n=3 were observed in sper-
matangia (Fig. 10), vegetative blade cells
(Fig. 11) and conchocelis filaments (Fig. 12).

4. Culture. The fragments of leafy plants in
culture released carpospores in all the tested
conditions of light and temperature; the pho-
toperiod had no influence on the release of
carpospores. Germination of carpospores was
observed 6 to 12 days from their release.
Unipolar germination of carpospores (Figs.
13, 14) results in the formation of branched
filaments of the conchocelis stage which more
or less adhere to the culture vessel or, more
frequently, assume a free cushion shape.
The effects of photoperiod and temperature

on carpospore germination are shown in
Table 1. Under optimal environmental con-
ditions, the filaments differentiate con-
chosporangia (Fig. 15) that release concho-
spores. These germinate in a bipolar way
forming new blades (Figs. 16-20). Under
long-day conditions the conchocelis filaments
never differentiated conchosporangia. The
effects of photoperiod and temperature on the
differentiation of cochosporangia on the
filamentous plants are shown in Table 2.
The release of conchospores was observed
only under short-day regimes, and only at
18°C. The effects of photoperiod and temper-
ature on the release of conchospores are
shown in Table 3.

Formation of monospores on the concho-
celis phase was not observed in these experi-
ments. However, the unipolar germination
of cells that are morphologically similar to
conchospores resulted in conchocelis filaments
(Fig. 21). In a few cases, the filaments
formed irregular outgrowths lacking polarity
(Fig. 22). These protothalli (sensu Cole and
Conway 1980) soon disaggregate into single
cells, which after bipolar germination, formed
leafy gametophytic plants.
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Figs. 16-22.  Porphyra leucosticta. Figs. 16-20. Bipolar germination of carpospore and early formation of
laminar gametophytic thallus. Fig. 21. /n situ unipolar germination of a cell-like conchospore. Fig. 22. Forma-
tion of a protothallus from conchocelis filaments.

5. Field observations. The intertidal sea tem-
perature where field observations were car-
ried out ranged between 15°C in February
and 25°C in August. The pattern of average
temperatures as well as hours of light the year
round are presented in Fig. 23.
Gametophytic blades appeared in Novem-

ber and were present until early June. Con-
chocelis filaments were not observed in na-
ture.

Discussion

Porphyra leucosticta is reported to have one of
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Fig. 23.

the widest ranges of any Porphyra species
(Kapraun et al. 1991). It has been suggested
that some of these regional populations only
superficially resemble Type material from At-
lantic France (Rosenvinge 1909, Kornmann
1961) and perhaps deserve recognition as
separate species. The relationship of speci-
mens referred to P. leucosticta in this study to
Type material remains unknown.

Flexible non-obligate life history patterns
seem especially well developed in temperate
Porphyra species lacking sexuality (Kapraun
and Freshwater 1987, Hawkes 1990). In the
present study, P. leucosticta isolates from
southern Italy demonstrated a heteromorphic
life-cycle involving an alternation between
macroscopic blades and a microscopic filamen-
tous conchocelis. Chromosome counts of
n=3 for both phases indicate an absence of
sexuality and meiosis in these isolates. Por-
phyra leucosticta populations in North Carolina
and Texas (Kapraun and Freshwater 1987,
Kapraun e al. 1991), Uruguay (Coll and de
Oliveira 1977a, b) and Helgoland (Kor-
nmann 1961) are reported to have similar
asexual life histories. In contrast, popula-
tions from Nova Scotia are reported to be sex-
ual (Yabu 1978, Lindstrom and Cole 1992).

Kurogi (1959) first demonstrated the effects
of temperature and photoperiod on the

Annual temperatures and daylength regime of the study site (Strait of Messina).

differentiation and release of conchospores in
Porphyra. It is now known that conchospore
formation and release are often induced by
separate environmental parameters (Avila et
al. 1986, Kapraun and Lemus 1987,
Waaland et al. 1987). Western Atlantic popu-
lations of P. leucosticta are reported to form
conchospore under short-day conditions at
18°C (Edwards 1969, Kapraun and Freshwater
1987). In the present study, differentiations
of conchospores appears to be mainly regulat-
ed by length of light period. The latitude of
the study area appears to be close to the
southernmost limit for the required short-day
induction of conchospores. However, in
12L: 12D conditions, formation of concho-
spores still occurs in 15% of the plants. The
temperature range in which conchospores are
released (18°C) is narrower than that allow-
ing their formation (15-18°C). Water tem-
perature in the intertidal in latitudes to the
south of the study area becomes critical, often
exceeding the temperature which permits
differentiation of conchosporangia.

It is noteworthy that in culture, P. leucosticta
demonstrated direct development of blades
from the filamentous phase by differentiation
of prothallus cells (Cole and Conway 1980).
Germination of conchospore-like monospores
resulted in the formation of new filamentous
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thalli. The importance of these accessory
reproductive modes to the persistence of P.
leucosticta in the study area remains unknown.
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The first sign of tetrasporogenesis in Dictyota dichotoma (Hudson) Lamouroux is the outgrowth of certain
epidermal cells that follow a characteristic differentiation process. These cells soon become polarized and
constitute the tetrasporangium mother cells (TMGCs). Three distinct zones are established along their
growth axis: one apical, full of small vesicles, one central, in which most of the organelles are aggregated,
and a basal one with large vacuoles and peripheral chloroplasts. The nucleus is displaced towards the basal
zone and, as the cell grows outwards, the thick multilayered external wall breaks while new layers are
deposited on its internal surface. An asymmetrical division of the TMC results in the formation of the
tetrasporangium, which is obviously larger than the stalk cell(s), with more dense cytoplasm and numerous
organelles distributed along its anticlinal axis. This cell undergoes a characteristic differentiation proccess,
the polarity pattern changing from axial to radial. Finally, it becomes almost spherical. After meiosis,
four haploid nuclei are formed and the organelles are arranged in groups around them. During these
stages many active dictyosomes are observed, secreting an amorphous material, that is deposited between
the membranous septa separating the tetraspores, as well as in the inner side of the external wall. This
material is probably mucilagenous and may help, by absorbing water, in the breaking of the external wall,

thus facilitating the release of the spores.

Key Index Words: asymmetrical
ultrastructure.

The study of the reproductive processes of
algae has been proved a significant tool for the
understanding of many cytological, taxonomi-
cal and physiological problems. Moreover,
these studies, combined with the fine structur-
al investigation of thallus development and
differentiation, give answers to some im-
portant morphogenetic problems.

Within the brown algal order Dictyotales
the study of the reproduction has started very
early, with the pioneer work of Williams
(1897, 1904a, b, 1905). More than fifty years
later a number of light microscope studies ap-
peared, dealing with tetraspore formation in
some members of Dictyotales, like Dictyota
dichotoma (Hudson) Lamouroux, Dictyopteris
divaricata (Okamura) Okamura, Padina japon:-
ca Yamada and P. crassa Yamada (Ishii et al.
1959, Kumagae et al. 1960). On an ultra-
structural level, there are detailed studies on

division—Dictyota— Phaeophyceae—polarity—tetrasporogenesis—

thallus structure and development of D. dicho-
toma and Dictyopteris membranacea (Stackh.)
Batt. (Katsaros 1980, Katsaros and Galatis
1985, 1988, Gaillard et al. 1986). However,
only a few ultrastructural studies have been
published, dealing with reproductive stages.
These describe the structure of sperms of
D. dichotoma (Manton et al. 1953, Manton
1959) and eggs of Dictyota binghamiae J.
Agardh (Neushul and Liddle 1968), as well as
oogonia and eggs of Zonaria farlowii S. & G.
(Neushul and Liddle 1968, Liddle and Neu-
shul 1969). In addition, the sexual reproduc-
tion of Dictyota diemensis Kuitzing was recently
studied in detail by means of both, light and
electron microscopy (Philips et al. 1990). As
far as we know, there is no ultrastructural
information on tetrasporogenesis of any
member of this class.

The aim of the present study is to inves-
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tigate the ultrastructural changes accom-
panying the tetrasporogenesis in D. dichotoma,
with particular attention to those preceding,
accompanying and/or following the establish-
ment of a new polarity axis and the shift in the
differentiation process.

Materials and Methods

Thalli of Dictyota dichotoma were collected
between April and June at a depth of 1-3 m
at “Rafina”, about 30km from Athens,
Greece. Small pieces of mature thallus por-
tions bearing tetrasporangia and unreleased
tetraspores were fixed and processed for EM
according to Katsaros and Galatis (1986),
with a more prolonged (up to three days)
infiltration time (see also Hallam and Luff
1988). Thin sections were examined and
photographed with a Philips 300 electron
microscope.

Results

Tetrasporangium mother cell (TMC)

Tetrasporogenesis in D. dichotoma is not syn-
chronous. Therefore, all the developmental
stages can be traced on a limited thallus
area. Tetrasporangia occur alone or in small
groups along the central part of the thallus, at
some distance from the apex.

The first sign of TMC formation is the
outgrowth of certain epidermal cells (Fig. 1).
Sometimes two or more adjacent cells are ob-
served swelling in parallel. These cells are de-
void of large vacuoles and have a more dense
cytoplasm compared to their neighbouring
cells. The swelling grows outwards resulting

in a pear-like form (Fig. 3). The structural
polarization of this cell is further expressed by
the deposition of additional layers of wall
material in the external periclinal wall (Figs.
1, 2) and the gradual distribution of the cell
elements in three distinct zones along the cell
axis: 1) an apical zone with numerous dictyo-
somes, vesicles and small vacuoles, 2) a subap-
ical zone in which the nucleus and most of the
organelles around it are localized, and 3) a
basal one with well developed vacuoles and
peripherally distributed chloroplasts (Figs. 2,
3).

As the cell grows outwards, the thick mul-
tilayered external wall breaks and new, less
dense layers are deposited on its internal sur-
face. A large number of vesicles and small
vacuoles are observed in the apical region
(Fig. 2). The nucleus is larger than that of
typical epidermal cells and is usually lobed.
A centriole is usually displaced in a depres-
sion of the nuclear envelope (Fig. 6). The
chloroplasts are smaller than those of typical
epidermal cells, with poor internal membrane
organization (cf. Figs. 4 and 5). Small vacu-
oles, dictyosomes, physodes and endoplasmic
reticulum (ER) membranes .are observed
among them (Fig. 5).

TMC-surrounding epidermal and stalk cells

The epidermal cells surrounding the TMC
follow a characteristic differentiation process
parallel to TMC formation. This process
results in a polar organization of these cells
which is expressed by: 1) Cell outgrowth that
is parallel to that of the TMC, but not so
extensive (Figs. 1, 3). 2) Zonation of the
organelles in a way similar to that of the

Fig. 1.

Light micrograph showing two TMCs and the surrounding epidermal cells, as appear in transverse

thallus section. TMC: tetrasporangium mother cell. Scale bar=30 gm.

Fig. 2.

Transverse thallus section passing through the cortical cytoplasm of a TMC at an early developmen-

tal stage. The distribution of cell elements varies gradually along its anticlinal axis. Note the break of the exter-
nal layers of the cell wall at the apical dome area (arrows). Ch: chloroplast, CW: cell wall. Scale bar=5 ym.

Fig. 3.

Light micrograph of a TMC at a more advanced developmental stage. The polarization is further

expressed by the position of the nucleus towards the basal part of the cell. N: nucleus. Scale bar=25 ym.

Figs. 4, 5.
doplasmic reticulum. Scale bar=1 gm.

Plastids of a typical epidermal cell (Fig. 4) and of a TMC (Fig. 5). Ch: chloroplast, ER: en-

Fig. 6. Part of the nucleus and the perinuclear cytoplasm of a TMC. The nuclear envelope shows invagina-
tions and the centriole is located in a deep depression of it. C: centriole, N: nucleus, NE: nuclear envelope. Scale

bar=0.5 gm.
Fig. 7.

Epidermal cell surrounding a TMC. CW: cell wall, N: nucleus, V: vacuole.

Scale bar=5 gm.
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TMC, i.e. most of the organelles (except chlo-
roplasts) are gathered in the apical region,
while the basal part is usually occupied by a
large vacuole and typical peripherally dis-
tributed chloroplasts (Fig. 7). The nucleus is
located in the central region with many dictyo-
somes and mitochondria around it (Figs. 7,
8). 3) The cell wall structure is similar to
that of the TMC with thick multiple layers
(Fig. 7).

After the completion of TMC differentia-
tion, an asymmetrical division results in the
formation of the tetrasporangium and one
stalk cell (Figs. 9, 10). The latter can be fur-
ther divided, giving rise to a two-celled stalk.
The stalk cell is similar in structure with the
basal part of the TMC (Fig. 10) and when
two stalk cells are present, this difference is
further amplified.

Tetrasporangium and tetraspore formation

The apical cell separated by the asymmetri-
cal division of the TMC continues growth
further, symmetrically in all directions. Its
nucleus is large and lobed, and is positioned
towards the basal part of the cell (Fig. 9).
This cell undergoes gradual differentiation
and finally becomes almost spherical (Fig.
11). The nucleus migrates towards the cen-
tre of the cell and most of the organelles are
distributed in the perinuclear cytoplasm
(Figs. 10, 11). A large number of active dic-
tyosomes are observed around the nucleus
with their formative faces associated with the
nuclear envelope or with ER membranes
(Figs. 12, 13). Numerous vesicles are
pinched off from their maturing face (Figs.
12, 13). The plastids are small with few

thylakoid bands (Fig. 14). The small vacu-
oles fuse with each other giving rise to large
ones that are peripherally arranged (Figs. 10,
11).

Meiotic division takes place at this stage,
resulting in four haploid nuclei. They are
usually arranged in one plane parallel to the
thallus surface and have a more or less central
position within the cell (Fig. 15). The or-
ganelles are evenly distributed around the
nuclei. This is particularly evident in
plastids, which show a strictly radial arrange-
ment around each nucleus (Fig. 16). A great
number of vesicles and small vacuoles appear
around the nuclei-organelle complexes (Figs.
15, 17). The cell wall appears thicker than
before, consisting of at least three distinct
layers: an external electron dense layer, an
intermediate more transparent one consisting
of loose fibrils, and an internal one consisting
of both dense fibrillar and more transparent
granular material (Fig. 16). In addition, a
more or less amorphous material is observed
in some areas between cell wall and plas-
malemma (Fig. 16). After the complete for-
mation of the four haploid nuclei, cytokinesis
takes place, and a thin membranous septum
separates the tetraspores (Figs. 17, 18). This
septum at the first stages of its formation con-
sists of two more or less parallel membranes
similar to those of the surrounding vesicles,
while in more advanced stages an electron
dense material is deposited between them
(Fig. 18). At this stage, fragments of the old
external excised wall layers are observed (Fig.
17). The amorphous material along the inter-
nal face of the external cell wall appears in-
creased, while similar material occurs on both

Fig. 8. Electron micrograph showing a part of the perinuclear cytoplasm of a cell surrounding a TMC. A
dictyosome (D) is closely associated with the nuclear envelope by its formative face. DV: dictyosome vesicle, M:
mitochondrion, N: nucleus, NE: nuclear envelope. Scale bar=0.5 ym.

Fig. 9.

Light micrograph showing a newly-formed tetrasporangium. The nucleus (N) is located close to the

basal cell wall separating this cell from the stalk cell. Scale bar=25 ym.
Fig. 10. Tetrasporangium at a more advanced developmental stage compared to that shown in Fig. 9. The
nucleus has taken a central position and the stalk cell (SC) has been further divided. Ch: chloroplast, N: nucleus.

Scale bar=5 pum.
Fig. 11.
ed. Scale bar=10 gm.
Fig. 12.
closely associated with the nuclear envelope.
bar=0.4 y#m.

Tetrasporangium before meiosis. Its shape is spherical and the nucleus (N) is centrally position-

Part of the nucleus and the perinuclear cytoplasm of a tetrasporangium. Two dictyosomes are
DV: dictyosome vesicles, M: mitochondrion, N: nucleus.

Scale
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Fig. 13. Two active dictyosomes (D) of a young tetrasporangium. DV: dictyosome vesicle, ER: en-
doplasmic reticulum. Scale bar=0.3 pm.

Fig. 14. Plastids of a tetrasporangium. Ch: chloroplast, ER: endoplasmic reticulum, Ph: physode. Scale
bar=0.4 pm.

Fig. 15. Pre-cytokinetic tetrasporangium. Meiosis has already taken place. Three of the four haploid
nuclei (N) are visible. Scale bar=10 pm.

Fig. 16. Part of the wall of a tetrasporangium at the stage of the meiotic division. AM: amorphous
material, CW: cell wall. Scale bar=3 pm.

Fig. 17. Light micrograph showing a post-cytokinetic tetrasporangium. Three tetraspores are observed.
AM: amorphous material. Scale bar=10 pzm.

Fig. 18. Detail of the membranous septum (MS) separating the young tetraspores. AM: amorphous
material. Scale bar=1 pm.
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Figs. 19, 20.

amorphous material connecting two neighbouring tetrasporangia.

sides of the partition membranes (Figs. 17,
18).
scanning electron microscope, reveals that the
tetrasporangia at the stage before tetraspore
release, appear spherical, with an irregular
and shrinked external surface (Figs. 19, 20).
Sometimes neighbouring tetrasporangia ap-
pear sticked together by an amorphous materi-
al (Fig. 20). In the tetrasporangium of Fig.
20 the cytokinesis of the meiotic division is
probably finished, and the wall separating the
tetraspores can be seen as an intense shrink-
age on the external surface of the tetrasporan-
gium.

Examination of material under the

Discussion

The present observations on the sequence
of cell divisions that result in tetraspore for-
mation, confirm those made with light
microscope by Williams (1904a), Ishii e al.
(1959) and Kumagae et al. (1960). The first
ultrastructural change in the process of
tetrasporogenesis is the de-differentiation of
certain epidermal cells, the TMCs. The in-
creased metabolic activity of these cells, com-
pared to typical epidermal cells, is expressed
by the dense cytoplasm and numerous small
vacuoles. The chloroplasts, due to repeated
divisions, become small and undifferenti-
ated. This process is similar to that already

Scanning electron micrographs of young tetrasporangia. Their surface exhibits a shrink-like
appearance. Arrow in 20 indicates the possible trace of the wall separating the tetraspores. Double arrows show

Scale bar=10 p#m.

described during branch or propagule mother
Sphacelaria  tribuloides
Meneghini (Katsaros 1980) and unilocular
sporangium development in Halopteris filicina
(Grateloup) Kitzing (Katsaros and Galatis
1986). These changes are accompanied by
outgrowth of the TMC, followed by the estab-
Polariza-

cell formation in

lishment of a new polar axis in it.
tion is further expressed by the distribution of
the organelles in particular zones. A similar
organization occurs in apical cells of Zonaria
Sfarlowii (Neushul and Dahl 1972), Dictyopteris
membranacea (Katsaros 1980, Katsaros and
Galatis 1988), and Sphacelaria tribuloides (Kat-
saros 1980, Katsaros e/ al. 1983). It seems
that at this stage the TMC behaves like an
apical cell, showing a kind of tip growth.
However, after the asymmetrical division of
the TMC the polarity pattern changes from
axial to radial. This results in the formation
of the tetrasporangium, which gradually
becomes almost spherical, with a radial distri-
bution of the organelles around the centrally
located nucleus. The cell organization at this
stage is comparable to that of the sporangium
of H. filicina before meiosis (Katsaros and
Galatis 1986). However, ultimately the or-
ganelles in the tetrasporangium of D. dichoto-
ma show a perinuclear distribution, whereas
in H. filicina they are more or less evenly dis-
tributed throughout the sporangium volume.
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The change in the polarity pattern is in ac-
cordance with a change in the growth pattern,
which becomes apparent by the evenly ex-
panding cell wall. The old external wall lay-
ers cannot accomodate the surface increase
and break under the internal pressure, as in
H. filicina (Katsaros and Galatis 1986). In
parallel, the deposition of new wall material is
carried out by numerous dictyosome vesicles
released from active dictyosomes near the ex-
panding cell wall. Similar observations have
been made in other brown algal cells showing
apical growth (Katsaros 1980, Katsaros et al.
1983, Katsaros and Galatis 1985, 1988, 1990,
Gaillard et al. 1986).

The presence of specialized sterile cells sur-
rounding the sporangial sori is not a general
feature of Dictyotales, but it has also been
observed in D. diemensis (Philips et al. 1990).
Their fine structure is different from the typi-
cal epidermal cells, showing polar growth and
increased metabolic activity. This activity is
indicated by the shape and size of the nucleus,
as well as the abundance of dictyosomes and
dictyosome vesicles. Since the differentiation
of the cells surrounding the TMCs in D. dicho-
toma is limited and stops before the comple-
tion of tetraspore formation, their particular
activity can be attributed to a coordination
with the TMCs.

After meiosis, the four haploid nuclei oc-
cupy a more or less central area of the cell and
do not divide further, in contrast to H. filicina
zoospore formation (Katsaros and Galatis
1986). The organelles are re-arranged, in
order to give a full organelle complement to
each nucleus. This is the “coenocytic tetra-
nucleated stage”, in which the organelles
show radial arrangement around each of the
nuclei. It is noteworthy that occasionally the
four nuclei are arranged in one plane, usually
parallel to that of the thallus. This protoplast
reorganization is different from that observed
in developing sporangia of Ectocarpales (Bak-
er and Evans 1973a, b, Loiseaux 1973, Mar-
key and Wilce 1976) and H. filicina (Katsaros
and Galatis 1986), and was not observed in
Laminariales (Toth 1974, Henry and Cole
1982). The differences in the pattern of pro-

toplast reorganization between D. dichotoma
and the other groups already mentioned, is
due to the large difference in the number of
the spores forming into the sporangia. Or-
ganelle movements and change in the polarity
pattern are supposed to be based on interac-
tions of cellular elements, like the cell wall
and the cytoskeleton (Schnepf 1986). The.
organization of the microtubule cytoskeleton
in polarized cell types of brown algae has been
already studied by immunofluorescence
(Katsaros 1992, Rusig et al. 1993).

The partition membrane separating the
tetraspores, is formed after the protoplast reor-
ganization, probably by the fusion of vesicles
that have been aggregated around the nuclei-
organelle complexes. A similar process has
been described during zoosporogenesis in
different brown algal orders (Loiseaux 1973,
Toth 1974, Markey and Wilce 1976, Katsaros
and Galatis 1986). The external cell wall of the
post-cytokinetic tetrasporangium is usually
thicker than that of the tetrasporangium
mother cell. It appears similar to the three-
layered cell wall of the Fucus zygote, which
consists of an external rather amorphous
layer, mainly of alginic acid and sulphated
fucoidan, a median layer of cellulose and
alginic acid, and an inner layer of sulphated
fucoidan fibrils (Callow et al. 1978). Inside
the external cell wall, and also on both sides of
the membranous septa that separate the tetra-
spores, the amorphous deposits of granular
material increase significantly. This material
is possibly mucilagenous and may help, by ab-
sorbing water, in the breaking of the external
cell wall and the release of the tetraspores. It
has been reported that in various algal species
a mucilagenous material secreted among
zoospores generates pressure that forces the
sporangial wall to break down locally
(Loiseaux, 1973, Toth 1974, 1976a, b, Mar-
key and Wilce 1976, Katsaros and Galatis
1986). However, a local digestion of the in-
ternal cell wall cannot be excluded (Markey
and Wilce 1976, Toth 1976a, b), although
Kumagae et al. (1960) have noticed that the
four tetraspores are released together bound-
ed by intact inner layers of cell wall.
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Gamete surface and attachment during fertilization of Palmaria sp.
(Palmariales, Rhodophyta)

Ichiro Mine and Masakazu Tatewaki
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Mine, I. and Tatewaki, M. 1994. Gamete surface and attachment during fertilization of Palmaria sp.
(Palmariales, Rhodophyta). Jpn. J. Phycol. 42: 291-299.

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.

t—Palmaria—proteolytic enzymes—

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



298 Mine, I. and Tatewaki, M.

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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In the present contribution are enumerated all the species of the blue-green algae belonging to the
orders of Nostocales and Stigonematales, which were reported to occur in Japan. In the Nostocales are
listed 4 families, 28 genera and 161 species. The Microchaetaceae includes 6 genera and 19 species, the
Nostocaceae 13 genera and 86 species, the Rivulariaceae 6 genera and 37 species and the Scytonemataceae 3
genera and 19 species. The following two new combinations are established. Nostocaceae: Hydrocoryne
enteromorphoides (Grun. ex Born. & Flah.) comb. nov. (= Hormothamnium enteromorphoides Grun. ex Born. &
Flah. 1886), Scytonemataceae: Scytonematopsis pilosa (Harv. ex Born. & Flah.) comb. nov. (= Calothrix pilosa
Harv. ex Born. & Flah. 1886). In the Stigonematales are listed 6 families, 13 genera and 30 species. The
Borzinemataceae comprises 2 genera and 2 species, the Capsosiraceae one genus and one species, the
Fischerellaceae 2 genera and 5 species, the Mastigocladaceae 5 genera and 11 species, Nostocopsaceae 2
genera and 2 species, and the Stigonemataceae one genus and 9 species.

Key Index words:  blue-green algae—Cyanophyta—Nost

les—Stig tales—list— Japan

ITII. Nostocales (Borzi 1914) Geitl. 1925 Ref.: Umezaki 1961; Takata and Hirose
1971
M. investiens Frémy 1929
Syn.: Fremyella investiens (Frémy) J. De
Toni 1936
Ref.: Hirose and Hirano 1977
M. tenera Thur. ex Born. & Flah. 1886
Syn.: Fremyella tenera (Thur.) J. De Toni
1936
Ref.: Higashi and Okada 1927; Yoneda
1939a, d, 1952a, 1953a; Emoto and
Yoneda 1942; Hiramatsu 1967; Hirose
and Hirano 1977

1. Microchaetaceae Lemm. 1910

(1) Microchaetoideae Kom. & Anagn. 1989

Fortiea J. De Toni 1936

Syn.: Leptobasis Elenk. 1915, non Leptobasis
Dulac. 1867
F. bossei (Frémy) Desik. 1959
Basion.: Fremyella Bosser Frémy 1942
Ref.: Hiramatsu 1967; M. Watanabe and
Niiyama 1990

Microchaete Thur. ex Born. & Flah. 1886

Syn.: Fremyella J. De Toni 1936
M. bulbosa Copel. 1936
Syn.: Fremyella bulbosa (Copel.) J. De Toni
1947
Ref.: Yoneda 1941a, 1952a; Emoto and
Yoneda 1941a; Hirose and Hirano 1977
M. grisea Thur. ex Born. & Flah. 1886
Syn.: Fremyella grisea (Thur.) J. De Toni
1936

M. thermalis Emoto & Yoneda 1940b
Ref.: Emoto & Yoneda 1940b; Yoneda
1952a; Hirose and Hirano 1977
M. uberrima Cart. 1926
Syn.: Fremyella uberrima (Cart.) J. De Toni
1936
Ref.: Akiyama 1961, 1965a
M. vitiensis Ask. ex Born. & Flah. 1886
Syn.: Fremyella vitiensis (Ask.) J. De Toni
1936
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Ref.: Umezaki 1961

(2) Tolypotrichoideae Kom. & Anagn. 1989

Coleodesmium Borzi ex Geitl. 1942

Syn.: Desmonema Berk. & Thw. ex Born. &
Flah. 1886
C. sagarmathae Kom. & M. Watanabe 1990
Ref.: Komarek and M. Watanabe 1990
C. wrangelii (Ag.) Born. & Flah. 1886
C. wrangelii var. wrangelii
Ref.: Higashi and Okada 1927
C. wrangelii var. floccosum (Borzi) Kom.
& M. Watanabe 1990
Basion.: Coleodesmium floccosum Borzi 1879
Ref.: M. Watanabe et al. 1984 (as Coleodes-
mium wrangelir); Ioriya et al. 1984 (as
Coleodesmium wrangelii); Komérek and M.
Watanabe 1990

Hassallia Berk. ex Born. & Flah. 1886

Syn.: Tolypothrix sect. Hassallina Kirchn. in
Engl. & Prantl 1900
H. byssoidea (Ag.) Hass. ex Born. & Flah.
1886
H. byssoidea var. byssoidea
Syn.: Tolypothrix byssoidea (Ag.) Kirchn. in
Engl. & Plantl 1900
Ref.: Yoneda 1937, 1950, 1952a; Emoto
and Hirose 1940b; Hiramatsu 1967,
1973; Nakano 1970; Yamagishi 1972;
Hirose and Hirano 1977
H. byssoidea var. saxicola Grun. ex Born.
& Flah. 1886 (as forma f)
Syn.: Tolypothrix byssoidea (Ag.) Kirchn. f.
saxicola Grun. ex Forti 1907
Ref.: Yoneda 1950

Tolypothrix Kiitz. ex Born. & Flah. 1886

T. campylonemoides Ghose 1923
Ref.: Hiramatsu 1973
T. distorta Kiitz. ex Born. & Flah. 1886
Ref.: Akiyama 1965a; Hiramatsu 1967
Negoro 1973; Hirose and Hirano 1977;
M. Watanabe and Niiyama 1990
Syn.: Tolypothrix distorta var. penicillata
(Ag.) Lemm. 1907
Ref.: Negoro 1973
T. fragilis (Gardn.) Geitl. 1932

Basion.: Hassallia fragilis Gardn. 1927
(“Hassalia”)
Ref.: Akiyama 1965b; Hirose and Hirano
1977
T. lanata (Desv.) Ag. ex Born. & Flah. 1886
Ref.: Hirose 1938; Yoneda 1953a; Horika-
wa et al. 1969; Hirose and Hirano 1977
T. limbata Thur. ex Born. & Flah. 1886
Ref.: Akiyama 1965a; Hirose and Hirano
1977
Syn.: Tolypothrix limbata var.
Ghose 1932
Ref.: Mori 1971
T. rechingeri (Wille) Geitl. 1925 (“Rechinger:”)
Ref.: Higashi and Okada 1927
T. tenuis Kiitz. ex Born. & Flah. 1886
T. tenuis var. tenuis
Ref.: Hirose 1938; Yoneda 1939a, d,
1953a; Kobayasi 1958; Hirano 1960;
Kobayasi et al. 1962; Akiyama 1965a;
Hiramatsu 1967, 1973; A. Watanabe
1970; Negoro 1973; Hirose and Hirano
1977; Yamagishi 1972, 1985
T. tenuis var. wartmanniana (Rabenh.)
Hansg. 1892 (“Wartmanniana™)
Ref.: Hirose 1938; Hirose and Hirano
1977

cylindrica

Petalonema Berk. ex Kirchn. 1898

Syn.: Croatella Erceg. 1925
P. densum A. Br. ex Mig. 1907
Ref.: Yoneda 1939a
Syn.: Scytonema densum (A. Br.) Born. ex
Born. & Flah. 1886
Ref.: Hirose and Hirano 1977

2. Nostocaceae Dumort. 1829

(1) Anabaenoideae (Born. & Flah.) Kirchn.
1900

Anabaena Bory (“Anabaina”) ex
Born. & Flah. 1886

A. aequalis Borge 1906
Ref.: Fukushima 1952, 1954; Hirano 1963;
Mizuno 1964; Hirose and Hirano 1977

A. affinis Lemm. 1897
Ref.: Akatsuka 1951; Yamaguti 1956;
Mizuno 1964; Akiyama 1965a; Muraya-
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ma and Saisho 1967; Hirose and Hirano
1977; Imazu 1979, 1981, 1986, 1987; M.
Watanabe and Chihara 1980; M.
Watanabe 1984; Negoro 1991a
Syn.: Anabaena catenula (Kitz.) Born. &
Flah. var. affinis (Lemm.) Geitl. 1932
Ref.: Fukushima 1951; M. Watanabe 1971
A. augstumalis Schmidle 1899
A. augstumalis var. augstumalis
Ref.: Hirose 1938; Yoneda 1953a; Hirano
1956a, 1958; Hirose and Hirano 1977
A. augstumalis var. marchica Lemm. 1905
Ref.: Yoneda 1953a; Hirano 1962; Mizuno
1964; Hirose and Hirano 1977
A. ballygungii Banerji 1938
Ref.: Akiyama 1977
A. circinalis Rabenh. ex Born. & Flah. 1886
Ref.: Hirano 1956b; M. Watanabe 1971;
M. Watanabe and Niiyama 1990
Syn.: Anabaena Hassallii Wittr. ex Lemm.
1907
Ref.: Okada 1939b; Akatsuka 1951
A. citrispora M. Watanabe 1992
Ref.: M. Watanabe 1992
A. crassa (Lemm.) Kom.-Legn. & Cronb.
1992
Basion.: Anabaena
Lemm. 1898
Syn.: Anabaena spiroides f. crassa (Lemm.)
Elenk. 1938
Ref.: Okada 1939b; Kokubo 1944;
Yamaguti 1956; Iwai 1963; Mizuno
1964; Negoro 1968, 1971, 1991a; M.
Watanabe 1971, 1984; Hirose and Hira-
no 1977; M. Watanabe and Chihara
1980; M. Watanabe and Niiyama 1990
A. cylindrica Lemm. 1896
Ref.: T. Watanabe 1956; M. Watanabe
1971; Hirose and Hirano 1977
A. flos-aquae Bréb. ex Born. & Flah. 1886
(“Flos-aquae”)
A. flos-aquae f. flos-aquae
Ref.: Hattori 1908; Higashi and Okada
1927; Ueno 1934; Yamada 1935;
Miyauchi 1935; Negoro 1937a, 1973;
Kokubo 1944; Kokubo and Kawamura
1948; Hirose 1950; Akatsuka 1951; Yone-
da 1953b; Hirano 1956a, 1960; Hada
1960; Mizuno 1964; M. Watanabe 1971;

spiroides var. crassa

Kurasawa and Okino 1975; Hirose and
Hirano 1977; M. Watanabe and Chi-
hara 1980
Syn.: Anabaena circinalis (Kitz.) Hansg. ex
Lemm. 1907
Ref.: Ueno 1933; Akatsuka 1951; Ochiai
1962a; Fukushima 1954; Mizuno 1964;
Hirose and Hirano 1977
Syn.: Anabaena flos-aquae Bréb. var. gracilis
Kleb. 1895
Ref.: M. Watanabe 1971
Syn.: Anabaena flos-aquae Bréb. var. interme-
dia Woron. f. spiroides Woron. 1923
Ref.: Akatsuka 1951; M. Watanabe 1971
A. iyengarii Bharadw. 1935 (“Iyengarii”)
A. iyengarii Bharadw. var. tenuis C. B. Rao
1937
Ref.: Emoto and Hirose 1942¢; Yoneda
1952a; Hirose and Hirano 1977
A. lapponica Borge 1913
Ref.: Kobayasi 1958; Kobayasi et al. 1962;
Hirano 1962; Mizuno 1964; M.
Watanabe 1971; Hirose and Hirano
1977
A. laxa A. Br. ex Born. & Flah. 1886
Syn.: Anabaena inaequalis (Kiitz.) Born. &
Flah. 1886
Ref.: Fukushima 1952, 1954; Nakano
1970; M. Watanabe 1971; Hiramatsu
1973; Hirose and Hirano 1977
A. lemmermannii P. Richt. 1903
(“Lemmermannii”)
Syn.: Anabaena flos-aquae f. lemmermannii (P.
Richt.) Canab. 1929 (“Lemmermannii”)
Ref.: Akatsuka 1951
A. macrospora Kleb. 1895
A. macrospora var. macrospora
Ref.: Negoro 1936, 1959, 1967, 1973; Akat-
suka 1951; Hirose and Hirano 1977; M.
Watanabe et al. 1985
A. macrospora var. crassa Kleb. 1895
Ref.: Negoro 1968; Hirose and Hirano
1977
A. mendotae Trelease 1889
Syn.: Anabaena flos-aquae Bréb. f. treleasii
(Born. & Flah.) Elenk. 1938 (“ Treleasii”)
Ref.: Negoro 1937a; T. Watanabe 1956;
M. Watanabe 1971, 1984; M. Watanabe
and Niiyama 1990
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A. minderi Huber-Pestal. 1938 (“Minderi”)
Ref. Negoro 1973
A. oscillarioides Bory ex Born. & Flah. 1886
A. oscillarioides var. oscillarioides
Ref.: Okada 1936, 1939b; Yoneda 1953a;
Onuki 1950; Hiramatsu 1967; Hirose
and Hirano 1977
A. oscillarioides var. stenospora Born. & Flah.
1886
Ref.: M. Watanabe 1971
A. planctonica Brunnth. 1903
Syn.: Anabaena solitaria
(Brunnth.) Kom. 1958
Ref.: Kokubo 1944; Hirose 1950; Onuki
1950; Akatsuka 1951; Mizuno 1964;
Akiyama 1965a; Negoro 1973; Hirose
and Hirano 1977; Yamagishi et al. 1982;
M. Watanabe 1971 (as A. scheremetievi f.
ovospora), 1984, 1992; M. Watanabe
and Niiyama 1990
Syn.: Anabaena limnetica G. M. Smith 1916
Ref.: Akatsuka 1951
Syn.: Anabaena solitaria f. solitaria sensu
Kom. 1958
Ref.: M. Watanabe and Chihara 1980
A. saaremaaensis Skuja 1929
Ref.: M. Watanabe 1971
A. sedovii Kossinsk. 1933 (“Sedovii”)
Ref.: Kokubo 1944
A. smithii (Kom.) M. Watanabe 1992
Basion.: Anabaena solitaria Kleb. f. smithii
Kom. 1958
Ref.: M. Watanabe 1971 (as 4. scheremetievi
var. recta f. ovalispora Elenk.), 1984,
1992; Hirose and Hirano 1977 (as 4.
scheremetiev)
Syn.: Anabaena Scheremetievi Elenk. var. recta
Elenk. f. rotundospora Elenk. 1938
Ref.: Negoro 1937a; Okada 1939b; Hirano
1954; T. Watanabe 1968b
A. solitaria Kleb. 1895
Ref.: Umezaki 1983
A. sphaerica Born. & Flah. 1886
Ref.: Kobayasi 1958; Kobayasi et al. 1962;
Hirose and Hirano 1977
A. spiroides Kleb. 1895
Ref.: Hirose 1938; Kokubo and
Kawamura 1948; Yoneda 1953b; Onuki
1950; Akatsuka 1951; Hirano 1956b;

f.  planctonica

Negoro 1967, 1973; M. Watanabe 1971;
Akiyama 1977; Hirose and Hirano 1977;
Wakabayashi and Ichise 1982; M.
Watanabe and Chihara 1980; M.
Watanabe 1984
A. subcylindrica Borge 1921
Ref.: T. Watanabe 1956; Akiyama 1965a;
M. Watanabe 1971; Hirose and Hirano
1977
A. torulosa (Carm.) Lagerh. ex Born. & Flah.
1886
Ref.: Imazu and Hirose 1961; Hirose and
Hirano 1977
A. verrucosa Peters. 1928
Ref.: Kobayasi 1958; Kobayasi et al. 1962;
Hirano 1962; Hirose and Hirano 1977
A. viguieri Denis & Frémy 1923 (“Viguier:”)
Syn.: Anabaena affinis f. viguieri (Denis &
Frémy) Kom. 1958
Ref.: Hirose and Hirano 1977; M.
Watanabe 1992

Anabaenopsis (Wolosz.) Mill. 1923

A. arnoldii Aptek. 1926 (“Arnoldii”)
Ref.: Okada 1936, 1939b; Negoro 1973;
Hirose and Hirano 1977; Umezaki 1983
Syn.: Anabaenopsis doliiformis Noda 1963
Ref.: Noda 1963
A. circularis (G. S. West) Wolosz. & Mill. in
Mill. 1923
Basion.: Anabaena flos-aquae Bréb. ex Born.
& Flah. var. circularis G. S. West 1907
Ref.: Akatsuka 1951; A. Watanabe and
Yamamoto 1967; Negoro 1973
Syn.: Anabaenopsis circularis (G.S. West)
Mill. f. recta Fukushima 1954
Ref.: Fukushima 1954
A. elenkinii Mill. 1923 (“Elenkini”)
Ref.: Akatsuka 1951
A. milleri Woron. 1929 (“Milleri”)
Ref.: Akatsuka 1951
A. nadsonii Woron. 1929 (“Nadsonii”)
Ref.: Akatsuka 1951
A. tanganytkae (G. S. West) Mill. 1923
Basion.: Anabaena tanganyikae G.S. West
1907
Ref.: Akatsuka 1951
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Aphanizomenon Morr. ex Born. &
Flah. 1886

A. aphanizomenoides (Forti) Horec. & Kom.
1979
Basion.: Anabaena aphanizomenoides Forti
1912
Ref.: Akatsuka 1951; Akiyama 1977;
Hirose and Hirano 1977; Negoro and
Aoki 1991
A. elenkinii Kisel. 1951 (“Elenkinii”)
Syn.: Aphanizomenon elenkinii Kisel. var.
gracile Kascht. 1955
Ref.: Hirano 1958
A. flos-aquae Ralfs ex Born. & Flash. 1886
(“Flos-aquae”)
A. flos-aquae var. flos-aquae
Ref.: Higashi and Okada 1927; Higashi
1933c; Miyauchi 1935; Kokubo 1944;
Hirose 1950; Akatsuka 1951; Hirano
1956b; Mizuno 1964; Negoro 1973;
Akiyama 1977; Hirose and Hirano 1977,
M. Watanabe and Chihara 1980;
Umezaki 1987; M. Watanabe 1991
A. gracile Lemm. 1907
Basion.: Aphanizomenon Flos-aquae
gracile Lemm. 1890
Ref.: M. Watanabe and Chihara 1980;
Yamagishi et al. 1982
Syn.: Aphanizomenon Flos-aquae var. Klebah-
nit Elenk. 1909
Ref.: Negoro 1937a; Hirose 1950; Hirano
1960; Hirose and Hirano 1977; M.
Watanabe 1991
A. paraflexuosum M. Watanabe 1991
Ref.: M. Watanabe 1991
A. yezoense M. Watanabe 1991
Ref.: M. Watanabe 1991

var.

Cylindrospermopsis Seenayya &
Subba Raju 1972

C. raciborskii (Wolosz.) Seenayya & Subba

Raju 1972

Basion.: Anabaenopsis Raciborskit Wolosz. ex
Geitl. 1925

Ref.: Negoro 1935, 1936, 1973, 1991b;
Akatsuka 1951; Fukushima 1949, 1955a;
Ochiai 1960; Hirose and Hirano 1977;
Umezaki 1992

Cylindrospermum Kiitz. ex Born. &
Flah. 1886

C. alatosporum Fritsch 1918
Ref.: Hirose and Hirano 1977
Syn.: Cylindrospermum oblongum Yoneda
1942a
Ref.: Yoneda 1942a
C. catenatum Ralfs ex Born. & Flah. 1886
Ref.: Yoneda 1942a; Hirose and Hirano
1977
C. licheniforme (Bory) Kiitz. ex Born. & Flah.
1886
Ref.: Yoneda 1938b, 1952a; Hirose and
Hirano 1977
C. majus Kiitz. ex Born. & Flah. 1886
Ref.: Hirose 1938; Yoneda 1942a, 1952a;
Akiyama 1965a, b; Hiramatsu 1967;
Hirose and Hirano 1977; M. Watanabe
and Niiyama 1990
C. muscicola Kiitz. ex Born. & Flah. 1886
C. muscicola var. muscicola
Ref.: Yoneda 1938b, 1952a; Ochiai 1962b
C. stagnale (Kiitz.) Born. & Flah. 1886
Ref.: Higashi and Okada 1927; Yoneda
1938a, 1952a, 1953a; Hirose 1938;
Fukushima 1952, 1954; Hirano 1962;
Hiramatsu 1967, 1973; Negoro 1973;
Hirose and Hirano 1977; Yamagishi
1985
Syn.; Cylindrospermum echigoense Noda 1971
Ref.: Noda 1971
C. tropicum W. & G. S. West 1902
Ref.: Akatsuka 1951

Hydrocoryne Schwabe ex Born. & Flah. 1886

Syn.: Hormothamnium Grun. ex Born. &
Flah. 1886 (“Hormothamnion”), Anabaeno-
thrix Randh. 1936

H. enteromorphoides (Grun. ex Born. &

Flah.) comb. nov.

Basion.: Hormothamnium enteromorphoides
Grun. ex Born. & Flah., Ann. Sci. Nat.
VII. Bot. 7: 260, 1886

Ref.: Higashi and Okada 1927; Umezaki
1961; Umezaki and Kamura 1977

H. spongiosa Schwabe ex Born. & Flah. 1886

Ref.: Higashi and Okada 1927; Hirose

1938; Hirose and Hirano 1977
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Raphidiopsis Fritsch & Rich 1929

R. mediterranea Skuja f. major Yoneda 1953b
Ref.: Yoneda 1953b
Syn.: Raphidiopsis mediterranea var. grandis
Hill 1970
Ref.: M. Watanabe and Chihara 1980; M.
Watanabe 1985

Richelia Johs.-Schmidt 1901

R. intracellularis Johs.-Schmidt 1901
Ref.: Okamura 1916; Higashi and Okada
1927; Akatsuka 1951; Tokida and
Masaki 1959; Umezaki 1961; Marumo
1966; Yoneda 1966; Yabu 1971; Yamaji
1984

Wollea Born. & Flah. 1886

W. saccta (Wolle) Born. & Flah. 1886
Ref.: Higashi and Okada 1927

(2) Nostocoideae (Borzi
Anagn. 1989

1914) Kom. &

Aulosira Kirchn. ex Born. & Flah. 1888

A. fertilissima Ghose 1923
Ref.: Hiramatsu 1973
A. implexa Born. & Flah. 1886
Ref.: Yoneda 1942a, 1952a, 1953a, 1962a;
Emoto and Yoneda 1941b; Hirose and
Hirano 1977; Mifune and Hirose 1983a
A. laxa Kirchn. ex Born. & Flah. 1886
Ref.: Akiyama 1965a
A. major Emoto & Hirose 1940a
Ref.: Emoto and Hirose 1940a; Yoneda
1952a; Hirose and Hirano 1977
A. prolifera Bharadw. 1933
Ref.: Akiyama 1965b; Mori 1971; Hirose
and Hirano 1977

Nodularia Mert. ex Born. & Flah. 1886

N. harveyana (Thw. in Harv.) Thur. ex Born.

& Flah. 1886 (“Harveyana”)

Ref.: Umezaki 1961; Hirose 1964; Mizuno
1964; Hiramatsu 1967; Hirose and Hira-
no 1977

Syn.: Nodularia Harveyana var. sphaerocarpa
(Born. & Flah.) Elenk. 1916

Ref.: Negoro 1936, 1973; Hirose and

Hirano 1977
N. spumigena Mert. ex Born. & Flah. 1886

Ref.: Yoneda 1937; Okada 1939b; Akatsu-
ka 1951; Mizuno 1964; Akiyama 1965a,
b; Nakano 1970; Negoro 1973

Syn.: Nodularia spumigena var. major (Kiitz.)
Born. & Flah. 1886

Ref.: Hirose and Hirano 1977

Syn.: Noduralia spumigena var. minor Fritsch
1912

Ref.: Higashi and Okada 1927

Nostoc Vauch. ex Born. & Flah. 1886
(as Nostoc Geoffroy ex Linn. pro synon. 1753,
according to Drouet 1978, p. 21)

N. carneum (Lyngb.) Ag. ex Born. & Flah.
1886
Ref.: Yoneda 1938b, ¢, 1952a; Emoto and
Hirose 1942a; Hirose 1962; Hiramatsu
1967; Hirose and Hirano 1977
N. coeruleum Lyngb. ex Born. & Flah. 1886
Ref.: Yoneda 1941a, 1953a; Hirose 1962;
Hirano 1962; Mori 1971; Hirose and
Hirano 1977; Yamagishi 1985
N. commune Vauch. ex Born. & Flah. 1886
N. commune var. commune
Ref.: Martens 1866; Toyama 1890;
Okamura 1902, 1936; Matsumura 1904;
Higashi and Okada 1927; Higashi
1933a; Hirose 1938, 1962, 1965; Yoneda
1938a, 1950, 1953a, 1962b, 1966; Okada
1939b, 1953b; Kobayasi 1958; Dawson
1959 (Harvey’s manuscript); Umezaki
1961; Akiyama 1961, 1965a; Kobayasi
et al. 1962; Nakano 1970; A. Watanabe
1970; Negoro 1973; Hirose and Hirano
1977; Yamagishi 1985
N. commune var. flagelliforme (Berk. &
Curt.) Born. & Flah. 1886
Syn.: Nostoc flagelliforme Berk. & Curt. 1857
Ref.: Yendo 1912; Okamura 1913, 1934b;
Hisauchi 1969; S. Ueda et al. 1963;
Hirose 1965; Yoneda 1966; A.
Watanabe 1970
N. conglomeratum Hirose 1962
Ref.: Hirose 1962; Hirose and Hirano
1977
N. ellipsosporum (Dasmaz.) Rabenh. ex
Born. & Flah. 1886
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Ref.: Yoneda 1941a; Emoto and Hirose
1942c (as Nostoc carneum Ag.); Hirose
1962; Hiramatsu 1967, 1973; Hirose and
Hirano 1977

N. kihlmanii Lemm. 1900 (“Kihimani”)
N. kihlmanii var. doliiforme Hirose 1962

Ref.: Hirose 1938 (as Nostoc kihimani

Lemm.), 1962; Hirose and Hirano 1977
N. kihlmanii var. vaginatum Hirose 1962

Ref.: Hirose 1962; Mizuno 1964; Hirose

and Hirano 1977
N. linckia (Roth) Born. ex Born. & Flah.

1886 (“Linckia”)

Ref.: Hirose 1938, 1962; Yoneda 1941a,
1953a; Fukushima 1952; Mizuno 1964;
Hiramatsu 1967; Hirose and Hirano
1977; Noda 1987

N. macrosporum Menegh. ex Born. & Flah.

1886

Ref.: Yoneda 1939a, 1952a; Emoto and
Yoneda 1941a; Hirose 1962; Hirose and
Hirano 1977

N. microscopicum Carm. ex Born. & Flah.

1886

Ref.: Yoneda 1939a; Hirose 1962; Mifune
et al. 1966; T. Watanabe 1968a; Nakano
1970; Hiramatsu 1973; Hirose and Hira-
no 1977

N. minutum Desmaz. ex Born. & Flah. 1886

Ref.: Hirano 1962; Mori 1971

N. muscorum Ag. ex Born. & Flah. 1886

Ref.: Yoneda 1942a, e, 1952a; Emoto and
Yoneda 1942; Hirose 1962; Hirose and
Hirano 1977

N. paludosum Kiitz. ex Born. & Flah. 1886

Ref.: Dickie 1877; Matsumura 1904; Yone-
da 1938a, 1953a; Hirano 1954, 1962;
Hirose 1962; Mizuno 1964; T.
Watanabe 1968a; Mori 1971; Yamagishi
1972; Hirose and Hirano 1977

N. parmelioides Kiitz. ex Born. & Flah. 1886

Ref.: Fukushima 1952; Hirose 1962; Akiya-
ma 1965a; Hiramatsu 1967; T.
Watanabe 1968c; Hirose and Hirano
1977

N. planctonicum Poretz. & Tschern. 1929

Ref.: Negoro 1973

N. pruniforme Ag. ex Born. & Flah. 1886
Ref.: Yoneda 1966

N. punctiforme (Kutz.) Hariot 1891
Ref.: Emoto and Hirose 1942c; Yoneda
1952a, 1953a; Hirose 1962; Hiramatsu
1973; Hirose and Hirano 1977
N. rivulare Kiitz. ex Born. & Flah. 1886
Ref.: Yoneda 1938a; Hirose 1962; Negoro
1973; Hirose and Hirano 1977
N. sphaericum Vauch. ex Born. & Flah. 1886
N. sphaericum var. sphaericum
Ref.: Yoneda 1938a, 1950; Hirose 1938,
1962; Fukushima 1952; Hirano 1962; T.
Watanabe 1968c; Mori 1971; Hirose and
Hirano 1977
N. sphaericum var. cylindrosporum Hirose
1962
Ref.: Hirose 1962; Hirose and Hirano
1977
N. spongiaeforme Ag. ex Born. & Flah. 1886
Ref.: Yoneda 1940a; Hirose 1962;
Hiramatsu 1967; Negoro 1973
N. torulosum Hirose 1962
Ref.: Hirose 1962; Mizuno 1964; Hirose
and Hirano 1977
N. verrucosum Vauch. ex Born. & Flah. 1886
Ref.: Tomaya 1890; Koizumi 1919;
Higashi 1933a; Kobayasi and Watari
1934; Okada 1939b; Yoneda 1939a,
1962b, 1966; Mifune 1957; Hirose 1962;
Kobayasi et al. 1962; Akiyama 1965a;
Hiramatsu 1967; A. Watanabe 1970;
Negoro 1973; Hirose and Hirano 1977

Trichormus (Ralfs ex Born. & Flah.)
Kom. & Anagn. 1989

Basion.: Anabaena Bory sect. Trichormus
Ralfs ex Born. & Flah. 1886
T. azollae (Strasb.) Kom. & Anagn. 1989
Basion.: Anabaena Azollae Strasb. ex Wittr.,
Nordst. & Lagerh. 1896
Ref.: Okamura 1902; Matsumura 1904;
Kobayasi and Watari 1934; Okada
1953b; Akiyama 1965a; S. Ueda et al.
1963; Yoneda 1966; Hiramatsu 1973;
Negoro 1973; Hirose and Hirano 1977
T. catenulus (Kitz. ex Born. & Flah.) Kom.
& Anagn. 1989
Basion.: Anabaena catenula (Kiitz.) Born. &
Flah. 1886

Ref.: Fukushima 1951, 1954; Yoneda
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1953b; Mizuno 1964
T. cycadearum (Reinke) Kom. & Anagn.
1989
Basion.: Anabaena Cycadearum Reinke in Til-
den 1896
Ref.: Higashi and Okada 1927; Yamada
1935; Okada 1953b; S. Ueda et al. 1963;
Yoneda 1966; Nakano 1970; Negoro
1973; Hirose and Hirano 1977
Syn.: Nostoc cycadae A. Watanabe & Kiyo-
hara 1963, nom. nud.
Ref.: A. Watanabe and Kiyohara 1963
T. thermalis (Vouk) Kom. & Anagn. 1989
Basion.: Anabaena thermalis Vouk 1916
Syn.: Anabaena Voukii J. De Toni 1936
Ref.: Emoto and Hirose 1942f; Yoneda
1952a; Mifune et al. 1959; Akiyama
1965a; Hirose and Hirano 1977
T. variabilis (Kiitz. ex Born. & Flah.) Kom.
& Anagn. 1989
Basion.: Anabaena variabilis Kiitz. ex Born.
& Flah. 1886
Ref.: Yoneda 1938b, c, 1952a; Hirose and
Hirano 1977

3. Rivulariaceae Kutz. 1843

Calothrix Ag. ex Born. & Flah. 1886

C. africana Schmidle 1901
Ref.: Hirose and Hirano 1977
C. braunii Born. & Flah. 1886 (“Braunii”)
Ref.: Hirose 1937; Yoneda 1942c, 1952a,
1953a; Fukushima 1949; Akiyama
1965a; Horikawa et al. 1969; Nakano
1970; Hirose and Hirano 1977
C. brevissima G. S. West 1907
Ref.: Yoneda 1938b, c, 1952a; Emoto and
Hirose 1952a; Hirose and Hirano 1977
Syn.: Calothrix brevissima var. moniliforme
Ghose 1927
Ref.: Emoto and Hirose 1940a
C. confervicola Ag. ex Born. & Flah. 1886
Ref.: Okamura 1902, 1916; Ueda and Oka-
da 1934; Umezaki 1961; Hagihara et al.
1970; Noda 1975
Syn.: Calothrix nodulosa Setch. & Gardn.
1924
Ref.: Umezaki 1953a, b; Noda 1974
C. coriacea Copel. 1936 '

Ref.: Emoto and Hirose 1952a; Hirose and
Hirano 1977
C. crustacea Thur. ex Born. & Flah. 1886
Ref.: De Toni 1895; Okamura 1902, 1916;
Matsumura  1904; Hirose 1957;
Umezaki 1961; Hiramatsu 1967; Takata
and Hirose 1971; M. M. Watanabe and
Kurogi 1975; Noda 1974, 1987
Syn.: Calothrix aeruginea Thur. ex Born. &
Flah. 1886
Ref.: Okamura 1902, 1916; Umezaki
1954, 1956b; Noda 1974, 1987
C. fusca (Kiitz.) Born. & Flah. 1886
Ref.: Hirose 1937; Yoneda 1941b, 1942a,
b, 1952a, 1953a; Emoto and Yoneda
1941b; Akiyama 1961, 1965a;
Hiramatsu 1967, 1973; M. Watanabe et
al. 1985
Syn.: Calothrix fusca (Kiitz.) Born. & Flah.
var. ¢rassa C. S. Rao 1939
Ref.: Mori 1971
Syn.: Calothrix longissima Hirose 1937
Ref.: Hirose 1937
C. fusco-violacea Crouan ex Born. & Flah.
1886
Ref.: Noda 1974, 1987
C. kuntzei P. Richt. in Kuntze 1898
(“Kuntze:”)
Ref.: Yoneda 1941b, 1942b; Emoto and
Hirose 1942c; Hirose and Hirano 1977
C. marchica Lemm. 1914
Ref.: Higashi and Okada 1927; Hirose and
Hirano 1977
Syn.: Calothrix marchica Lemm. var. crassa
C. B. Rao 1937
Ref.: Emoto and Hirose 1942¢; Mori 1971
Syn.: Calothrix marchica Lemm. var. interme-
dia C. B. Rao 1937
Ref.: Emoto and Hirose 1952a
C. membranacea Schmidle 1901
Ref.: Hiramatsu 1967
C. parasitica (Chauv.) Thur. ex Born. &
Flah. 1886
Ref.: Yoneda 1940a; Hirose 1957, 1958;
Umezaki 1961; Funahashi 1967; Noda
1974, 1987; Suzuki 1986
Syn.: Calothrix codicola Setch. & Gardn.
1930
Ref.: Umezaki 1953a, 1961; Noda 1987
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Syn.: Calothrix nidulans Setch. & Gardn.
1924
Ref.: Umezaki 1956¢; Noda 1987
C. parietina (Nag.) Thur. ex Born. & Flah.
1886
Ref.: Yoneda 1939a, d, 1952a; 1953a; Emo-
to and Yoneda 1941a; Emoto and Hirose
1942a, f, 1943b; Akiyama 1965a; Mi-
fune et al. 1959, 1966; Negoro 1973;
Hirose and Hirano 1977; Mifune and
Hirose 1983a; M. Watanabe et al. 1985
Syn.: Calothrix thermalis (Schwabe) Hansg.
ex Born. & Flah. 1886
Ref.: Yoneda 1938b, c, 1942¢c, g, 1952a;
Emoto and Hirose 1943a
Syn.: Calothrix parietina var. thermalis G. S.
West 1902
Ref.: Negoro 1973
C. rhizosoleniae Lemm. 1899 (“Rhizosoleniae”)
Ref.: Akatsuka 1951; Marumo 1966
C. scopulorum (Web. & Mohr.) Ag. ex Born.
& Flah. 1886
Ref.: Okamura 1902, 1916; Matsumura
1904; Hirose 1957; Umezaki 1961;
Hiramatsu 1967; Noda 1974, 1987;
M. M. Watanabe and Kurogi 1975
C. stagnalis Gom. 1895
Ref.: Negoro 1973
C. turfosa Geitl. 1933
Ref.: Emoto and Hirose 1942d; Yoneda
1952a; Hirose and Hirano 1977

Dichothrix Zanard. ex Born. & Flah. 1886

D. gypsophila (Kiitz.) Born. & Flah. 1886
Ref.: Higashi and Okada 1927; Yoneda
1953a; Hirano 1962; Horikawa et al.
1969; Negoro 1973; Hirose and Hirano
1977
D. meneghiniana (Kiitz.) Forti 1907
(“Meneghiniana™)
Ref.: Hirano 1960

Gardnerula J. De Toni 1936

Syn.: Polythrix Zanard. ex Born. & Flah.
1886, non Polythrix Nees 1847
G. corymbosa (Harv.) J. De Toni 1936
Basion.: Polythrix corymbosa (Harv.) Grun.
ex Born. & Flah. 1886
Ref.: Higashi and Okada 1927; Umezaki

1956a, b, 1961; Umezaki and Kamura
1977

Gloeotrichia J. Ag. ex Born. & Flah. 1886

G. echinulata (Smith & Sowerby) P. Richt.
1894
Ref.: Yoneda 1938a; Akatsuka 1951; Hira-
no 1956b; Ochiai 1962b; Mizuno 1964;
Negoro 1973; Hirose and Hirano 1977;
Imazu 1981
Syn.: Rivularia echinata Smith & Sowerby ex
Agardh 1824
Ref.: Akatsuka 1951
G. pisum (Ag.) Thur. ex Born. & Flah. 1886
(“Pisum”™)
Ref.: Okamura 1902; Akiyama 1965a;
Hirose and Hirano 1977
Syn.: Rivularia Lens Menegh. 1843
Ref.: Martens 1866; Okamura 1902
Syn.: Rivularia Pisum Ag. 1824
Ref.: Matsumura 1904
G. longiarticulata G. S. West 1907
Ref.: Imazu 1979
G. natans (Hedw.) Rabenh. ex Born. & Flah.
1886
Ref.: Higashi and Okada 1927; Yoneda
1937, 1938c, 1952a; Okada 1939b; Akat-
suka 1951; Hirano 1963; Mori 1966;
Negoro 1973; Hirose and Hirano 1977;
Imazu 1979; Yamagishi 1985
Syn.: Rivularia natans Welwitsch ex Born. &
Flah. 1886
Ref.: Akatsuka 1951

Isactis Thur. ex Born. & Flah. 1886

I. nipponica Hirose 1937
Syn.: Rivularia nipponica (Hirose) Bourr.
1970
Ref.: Hirose 1937
I. plana (Harv.) Thur. ex Born. & Flah. 1886
Ref.: Higashi and Okada 1927; Hirose
1957; Umezaki 1961; Noda 1974, 1987;
Hiramatsu 1967; Kajimura 1975

Rivularia (Roth) Ag. ex Born. & Flah. 1886

R. aquatica De Wild. 1897
Syn.: Rivularia globiceps G. S. West 1907
Ref.: Hirose 1937; Akiyama 1965a; Hirose
and Hirano 1977
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Syn.: Rivularia globiceps var.
Hirose 1937

Ref.: Hirose 1937; Hirose and Hirano
1977

R. atra Roth ex Born. & Flah. 1886
R. atra var. atra

Ref.: De Toni 1895; Okamura 1902, 1916;
Matsumura 1904; Akatsuka 1951; Tana-
ka 1956; Hirose 1957 and 1958 (as
Rivularia  beccariana); Umezaki 1961;
Hiramatsu 1967; Noda 1974, 1987

Syn.: Rivularia opaca Harv. 1859

Ref.: Harvey 1859; Dawson 1959 (Har-
vey’s manuscript)

R. atra var. confluens Born. 1892
Ref.: Umezaki 1961
R. atra var. hemisphaerica (Kiitz.) Born. &

Flah. 1886

Ref.: Yamada and Tanaka 1934; Umezaki
1961

R. beccariana (De Not.) Born. & Flah. 1886

(“Beccariana”)

Ref.: Hirose 1937; Yoneda 1940a;
Hiramatsu 1967, 1973; Negoro 1973;
Hirose and Hirano 1977

R. biasolettiana Menegh. ex Born. & Flah.

1886 (“Biasolettiana”)

Ref.: Yoneda 1952a

R. borealis Richt. 1899
Ref.: Negoro 1973
R. dura Roth ex Born. & Flah. 1886
Ref.: Negoro 1973
R. haematites (Lam. & De Candl.) Ag. ex

Born. & Flah. 1886

Ref.: Akiyama 1965a; Negoro 1973; Bando
and Nakano 1983

R. nitida Ag. ex Born. & Flah. 1886

Ref.: Kawashima 1957; Umezaki 1961;
Funahashi 1967; Hagihara et al. 1970;
Noda 1974, 1987

R. planctonica Elenk. 1921
Ref.: Kokubo and Kawamura 1949
R. polyotis (J. Ag.) Born. & Flah. 1886

Ref.: Umezaki 1961; Hiramatsu 1967;

Umezaki and Kamura 1977
R. sphaerica Hirose 1937

Ref.: Hirose 1937; Hirose and Hirano

1977

longissima

4. Scytonemataceae Kiitz. 1843

Kyrtuthrix Erceg. 1929

K. maculans (Gom.) Umezaki 1958
Basion.: Brachytrichia maculans Gom. 1901
Ref.: Okamura 1916
Syn.: Kyrtuthrix maculans Erceg. 1929
Ref.: Umezaki 1958, 1961; Hirose 1957,

1958; Hiramatsu 1967

Scytonema Ag. ex Born. & Flah. 1886

S. arcangelii Born. & Flah. 1886 (“Arcangeli:”)
Ref.: Hiramatsu 1967
S. burmanicum Skuja 1949
Ref.: Hiramatsu 1973
S. cincinnatum (Kiitz.) Thur. ex Born. &
Flah. 1886
Syn.: Scytonema crispum (Ag.) Born. 1889
Ref.: Hirose 1938; Emoto and Hirose
1940, 1943b, 1952b; Yoneda 1941a,
1952a; Kobayasi 1958; Kobayasi et al.
1962; Hiramatsu 1973; Hirose and Hira-
no 1977; Bando and Nakano 1983; M.
Watanabe and Niiyama 1990
S. coactile Mont. ex Born. & Flah. 1886
§. coactile var. coactile
Ref.: Hiramatsu 1967
S. coactile var. minus Wille 1913 (“minor”)
Ref.: Emoto and Hirose 1943b (as minor);
Yoneda 1952a (as minor); Hirose and
Hirano 1977 (as minor)
S. coactile var. thermale Geitl. 1933
Ref.: Emoto and Hirose 1942b, c, d; Yone-
da 1952a; Hirose and Hirano 1977
S. hofmannii Ag. ex Born. & Flah. 1887
(“Hofmannii™)
S. hofmannii var. hofmannii
Ref.: Emoto and Hirose 1943a; Yoneda
1951; Akiyama 1961, 1965a; Hiramatsu
1967; Mori 1971; Hirose and Hirano
1977; Bando and Nakano 1983
S. hofmannii var. crassum Bharadw. 1934
(“crassa”)
Ref.: Emoto and Hirose 1942d, 1943a;
Yoneda 1952a; Hirose and Hirano 1977
§. hofmannii var. synplocoides (Reinsch)
Born. & Flah. 1886 (“Symplocoides”™)
Ref.: Hirose and Hirano 1977
§. javanicum (Kiitz.) Born. ex Born. & Flah.
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1887
Ref.: Yoneda 1951; Hiramatsu 1973
S. millei Born. ex Born. & Flah.

(“Mille”)

Ref.: Nakano 1970; Hirose and Hirano
1977

S§. mirabile (Dillw.) Born. 1889

Ref.: Higashi and Okada 1927; Yoneda
1937, 1953a; Hirose 1938; Fukushima
1952, 1954; Akiyama 1961, 1965a;
Kobayasi 1958; Kobayasi et al. 1962;
Hirano 1962; Nakano 1970, 1971;
Yamagishi 1967, 1972; Hiramatsu 1967,
1973; Negoro 1973; Hirose and Hirano
1977; Imazu 1979

Syn.: Scytonema figuratum Ag. ex Born. &
Flah. 1886

Ref.: Okamura 1902

S. myochrous (Dillw.) Ag. ex Born. & Flah.

1886 (“Myochrous™)

Ref.: Yoneda 1939a; Yamaguti 1956;
Hiramatsu 1967; Mori 1971; Hirose and
Hirano 1977

S. ocellatum Lyngb. ex Born. & Flah. 1886

Ref.: Okamura 1902; Emoto and Hirose
1940b; Emoto and Yoneda 1941a, b;
Yoneda 1950, 1951; Mizuno 1964,
Akiyama 1965a; Hirose and Hirano
1977; Yamagishi 1972, 1985

S. pascheri Bharadw. 1934 (“Pascheri”)

Ref.: Hiramatsu 1973

S. polycystum Born. & Flah. 1886

Ref.: De Toni 1895; Okamura 1902, 1916;
Matsumura 1904; Umezaki 1961

Syn.: Lyngbya effusa Harv. 1859

Ref.: Harvey 1859; Okamura 1902

S. saleyerense Weber-van Bosse 1913

(“saleyerensis”)

Ref.: Hiramatsu 1973

§. stuposum (Kiitz.) Born. ex Born. & Flah.

1886

Ref.: Yoneda 1941a, 1951, 1952a; Emoto
and Yoneda 1941a, b; Hirose and
Hirano 1977

Syn.: Scytonema caldarium Setch., 1899

Ref.: Emoto and Hirose 1942a, c, e;
Yoneda 1952a; Hirose and Hirano 1977

S. tolypothrichoides Kiitz. ex Born. & Flah.

1886 (“tolypotrichoides”)

1886

Ref.: Ochiai 1962b; Hiramatsu 1973
S. varium Kiitz. ex Born. & Flah. 1886
Ref.: Yoneda 1938b, ¢, 1952a; Hirose and
Hirano 1977

Scytonematopsis E. Kissel. 1930

Syn.: Tildenia Kossinsk. 1926, Setchelliella J.
De Toni 1936
§. ambigua Emoto & Hirose 1952b
Ref.: Emoto and Hirose 1952b
§. pilosa (Harv.) comb. nov.

Basion.: Calothrix pilosa Harv. ex Born. &
Flah., Ann. Sci. Nat. VII. Bot. 3: 363,
1886

Syn.: Tildenia pilosa (Harv.) Poljansky, Izv.
Glavn. Bot. Sada URSS 27(3): 327,
1928, Setchelliella pilosa (Harv.) J. De
Toni, Noterelle di nomenclatura algologi-
ca, VIII, p. 6, 1936

Ref.: Umezaki 1961; Hiramatsu 1967;
Noda 1974, 1987

The following species without Latin diagno-
sis and other descriptions are listed in
Yoneda’s paper (Yoneda, Y.: A general con-
sideration of the thermal Cyanophyceae of
Japan. Mem. Coll. Agr., Kyoto Univ. 62: 1-
20, 1952). Rivulariaceae: Calothrix itibionensis
Yoneda nom nud., Dichothrix caldaria Yoneda
nom. nud. Scytonemataceae: Scytonematopsis
variabilis Yoneda nom. nud.

IV. Stigonematales Geitl. 1925

1. Borzinemataceae Geitl. 1942

Borzinema J. De Toni 1936

B. rupicola (Borzi) J. De Toni 1936
Basion.: Diplonema rupicola Borzi 1916
Ref.: Mori 1971

Spelaeopogon Borzi 1905

Syn.: Pseudospelacopogon Elenk. 1949
S. koidzumianum Yoneda 1942f (“Koidzumia-
num”)

Ref.: Yoneda 1942f
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2. Capsosiraceae (Borzi) Geitl. 1925

Capsosira Kiitz. ex Born. & Flah. 1886

C. brebissonii Kiitz. ex Born. & Flah. 1887
(“Brebissonii”)
Ref.: Higashi and Okada 1927; Hirose
1937; Yoneda 1953a; Hirose and Hirano
1977

3. Fischerellaceae Anagn. & Kom. 1990

Fischerella (Born. & Flah.) Gom. 1895

Syn.: Fischera S. H. Schwabe 1837, Som-
mierella Borzi 1907
F. ambigua (N3g.) Gom. 1895
Basion.: Scytonema ambiguum Nag. ex Born.
& Flah. 1886
Ref.: Emoto and Hirose 1940b; Yoneda
1952a; Hirano 1962; Yamagishi 1967;
Hirose and Hirano 1977
F. major Gom. 1902
Ref.: Yoneda 1938a; Hirose and Hirano
1977
F. muscicola (Thur.) Gom. var. minor Peters.
1928
Ref.: Higashi and Okada 1927
F. thermalis (Schwabe) Born. & Flah. 1887
Ref.: Yoneda 1938b, c, 1952a

Westiellopsis M. Janet 1941

W. prolifica M. Janet 1941
Ref.: Akiyama 1965b; Akiyama and
Nishigami 1967; Hirose and Hirano
1977

4. Mastigocladaceae Geitl. 1925

(1) Mastigocladoideae Anagn. & Kom. 1990

Hapalosiphon Nag. in Kiitz. ex Born. &
Flah. 1887

H. arboreus W. & G. S. West 1895
Ref.: Yoneda 1937; Hirose and Hirano
1977
H. fontinalis (Ag.) Born. 1889
Ref.: Yoneda 1938b, c, 1952a, 1953a; Emo-
to and Yoneda 1941a, b; Hirano 1962;
Negoro 1973; Hirose and Hirano 1977
Syn.: Hapalosiphon pumilus Kirchn. ex

Born. & Flah. 1886
Ref.: Okamura 1902
H. hibernicus W. & G. S. West 1896
Ref.: Higashi and Okada 1927; Yoneda
1937, 1941b, 1952a, 1953a, 1954b;
Hirose 1937; Negoro 1937b, 1973; Emo-
to and Hirose 1940b; Hirano 1959b,
1962; Ochiai 1962b; Mizuno 1964;
Imada 1970; Yamagishi 1972; Hirose
and Hirano 1977; Imazu 1977, 1986
H. intricatus W. & G. S. West 1895
Ref.: Hirano 1962; Akiyama 1965a;
Hiramatsu 1967; Yamagishi 1967; Naka-
no 1971; Hirose and Hirano 1977
H. luteolus W. & G. S. West 1897
Ref.: Hiramatsu 1967
H. stuhlmannii Hieron. 1895 (“Stuhlmannii”)
Ref.: Akiyama 1965a; Hiramatsu 1967,
Hirose and Hirano 1977
H. welwitschii W. & G. S. West 1897 (“Wel-
witschii™)
Ref.: Akiyama 1965b; Hiramatsu 1967,
1973; Hirose and Hirano 1977

Mastigocladus Cohn 1862

M. laminosus Cohn 1862

Ref.: Molisch 1926; Yoneda 1938b, c,
1939b, c, 1940b, c, 1941b, 1942, 1952a;
Emoto and Hirose 1940a, b, c, 1941,
1942a, b, d, e, f, 1943a, b, 1949, 1952a,
b, c¢; Fukushima 1950; Ikoma and Doi
1955; Akiyama 1965a; Hirose 1966;
Negoro 1973; Hirose and Hirano 1977,
Mifune and Hirose 1982, 1983a, b

Syn.:  Mastigocladus  laminosus  var.
anabaenoides (B. Peters.) Copel. 1936

Ref.: Yoneda 1952a

Syn.: Mastigocladus laminosus var. phor-
midioides (B. Peters.) Copel. 1936

Ref.: Emoto and Yoneda 1942; Yoneda
1952a

Thalpophila Borzi 1906

T. caldaria Emoto & Yoneda 1941b
Ref.: Emoto and Yoneda 1941b; Yoneda
1952a

Umezakia M. Watanabe 1987
U. natans M. Watanabe 1987
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Ref.: M. Watanabe 1987

(2) Brachytrichoideae (Born. & Flah.) Fritsch
1945

Syn.: Sub-trib. Rivulariaceae Kiitz. ex.
Born. & Flah. 1886, sectio Brachytricieae
Born. & Flah. 1886, Scytonemataceae
Rabenh. 1865 subfam. Brachytrichieae
Fritsch 1945, Brachytrichiaceae Waten-
berg 1872, Brachytrichiaceae Hirose
1965, nom. nud.

Brachytrichia Zanard. ex Born. & Flah. 1886
B. quojii (Ag.) Born. & Flah. (“Quoyi”)
Basion.: Nostoc Quojit Ag. 1924 (“Quoji”)
Syn.: Brachytrichia Balanii Born. & Flah.
1886, Brachytrichia rivularioides Zanard.
1872, Brachytrichia affinis Setch. & Gardn.
in Gardn. 1918, Brachytrichia Codii Setch.
1926, Brachytrichia Balanii f. purpurea
Frémy 1932
Ref.: Okamura 1915, 1936; Higashi and
Okada 1927; Higashi 1933a; Umezaki
1952a, 1955b, 1956b, c, 1958, 1961;
Hirose 1957 (as Brachytrichia quoyi f. quoy:
Umezaki), 1958; Kida 1964; Umezaki
and Kamura 1977; Hiramatsu 1967;
Noda 1974, 1987

5. Nostochopsaceae Geitl. 1925

Syn.: Mastigocladopsaceae Iyeng. & De-
sik. 1946 (false Mastigocladopsidaceae)

Mastigocoleus Lagerh. ex Born. & Flah. 1886

M. testarum Lagerh. ex Born. & Flah. 1886

Ref.: Okamra 1922; Higashi and Okada

1927; Umezaki 1961; Akimoto et al.
1972

Nostochopsis Wood ex Born. & Flah. 1886

N. lobatus Wood ex Born. & Flah. 1886
Ref.: Higashi and Okada 1927; Hada
1937; Yoneda 1952a; Akiyama 1965a;
Hiramatsu 1967; Negoro 1973
Syn.: Nostochopsis Wichmannii Weber van
Bosse 1913
Ref.: Yoneda 1938c, 1939a; Hirose and

Hirano 1977

6. Stigonemataceae (Hass.) Kirchn. 1898

Stigonema Ag. ex Born. & Flah. 1886

Syn.: Sirosiphon Kiitz. 1843
S. aerugineum Tild. 1910
Ref.: Hiramatsu 1967, 1973
§. hormoides (Kitz.) Born. & Flah. 1886
Ref.: Akiyama 1961, 1965a; Horikawa et
al. 1969; Nakano 1971; Hiramatsu 1973;
Hirose and Hirano 1977; Bando and
Nakano 1983
S. informe Kiitz. ex Born. & Flah. 1886
Ref.: Higashi and Okada 1927
§. mamillosum (Lyngb.) Ag. ex Born. &
Flah. 1886
Ref.: Yoneda 1937; Hirano 1962; Nakano
1971; Negoro 1973; Hirose and Hirano
1977; Bando and Nakano 1983
§. mesentericum Geitl. 1925
Ref.: Hiramatsu 1967
S. minutum (Ag.) Hass. ex Born. & Flah.
1886
Ref.: Hirose 1937; Yoneda 1939a, 1949,
1950; Fukushima 1952, 1954; Akiyama
1961, 1965a; Horikawa et al. 1969;
Negoro 1973; Hirose and Hirano 1977
S. ocellatum (Dillw.) Thur. ex Born. & Flah.
1886
S. ocellatum f. ocellatum
Ref.: Yoneda 1937, 1951, 1953a, 1954b;
Fukushima 1952, 1954; Hirano 1959a,
1962; Ochiai 1962b; Mizuno 1964;
Akiyama 1961, 1965a, b; Hiramatsu
1967; Yamagishi 1967, 1972; Nakano
1971; Negoro 1973; Hirose and Hirano
1977
Syn.: Sirosiphon vermicularis Suring. 1870,
Stigonema vermicularis (Suring.) Forti 1907
Ref.: Suringer 1870; Okamura 1902; Mat-
sumura 1904
S. ocallatum f. tomentosum (Kitz.) Elenk.
1938
Basion.: Stigonema tomentosum (Kiitz.) Hie-
ron. 1895
Ref.: Emoto and Hirose 1942c; Yoneda
1952a; Hirose and Hirano 1977
S. panniforme (Ag.) Born. & Flah. 1886
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Ref.: Hiramatsu 1967
S. turfaceum Cooke ex Born. & Flah. 1886
Ref.: Yoneda 1937; Akiyama 1965a;
Hiramatsu 1967; Hirose and Hirano
1977
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Effect of temperature on growth rate and agar quality of a new member

of Japanese Gracilaria in Tosa Bay, southern Japan.
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Chirapart, A., Ohno, M., Sawamura, M. and Kusunose, H. 1994. Effect of temperature on growth rate
and agar quality of a new member of Japanese Gracilaria in Tosa Bay, southern Japan. Jpn. J. Phycol. 42:
325-329.

Growth of Gracilaria sp. growing much in Uranouchi Inlet at Tosa Bay recently, was conducted in the
aquatron culture system at various temperatures of 13, 16, 20, 23, 25 and 28°C with a photon flux density
of 10010 pM-m~2.s7!, in a light regime of 12L: 12D hours. Daily growth rate of thalli attained
maximum and minimum values of 2.47£1.05% at 16°C and 1.20+0.279% at 28°C, respectively. Physical
properties of agar of the cultured thalli were also determined after 2h treatment with 5% NaOH at
80°C. Agar yields attained between 24.2+0.2 and 28.4+0.6%. Measurement of the gel strength of
1.5% agar gave a highest value of 755+£15g.cm™2 at 16°C. The lowest gel strength recorded was
437+48g.cm~? at 25°C. Viscosities of 1.5% agar sol obtained maximum value of 73.9+0.6 cP at
16°C and minimum values of 16.4%£0.8 cP at 25°C. Gelling temperatures ranged from 48°C to 49°C.

This Gracilaria sp. indicated high growth rate and best agar quality at 16°C.

Key Index Words: New Japanese Gracilaria—growth rate—agar quality—temperature.

Gracilaria sp. occurring along the coast of
Kyushu Island, south Ise Bay, and other in-
land seas in Japan has been reported as a new
Japanese Gracilaria (Chirapart et al. 1994).
In recent year, large quantities of this Gracilar-
ta have been harvested (more than 2000 t dry
weight per year) for the production of agar
and salad vegetable. Algal biomass and phys-
ical properties of this Gracilaria sp. have been
reported to be seasonal and high gel strength
obtained from the winter collected seaweed in
Tosa Bay (Chirapart and Ohno, 1993b).
Property of agar commonly has been reported
in relation to environmental factors of plant
growth (Craigie and Wen 1984; Friedlander
et al. 1987; Christeller and Laing 1989).
Moreover, growth of Gracilaria spp. from
Tosa Bay has been reported under different
environmental factors in a close-recirculating
system or aquatron (Orosco and Ohno
1992). However, there have been no report
on effect of environmental factor on growth
and agar quality of this new Japanese Gracilar-

ta under culture conditions. This study was
carried out in order to examine effect of tem-
perature on growth and agar quality of this
seaweed under controlled culture conditions.

Materials and Methods

Growth rate

Gracilaria samples were collected from Ura-
nouchi Inlet in Tosa Bay in 1992. Growth of
the algae was determined in a close-recirculat-
ing system (aquatron) at various tempera-
tures (cf. Ohno, 1977). collected samples
were allowed to adapt to each set of ex-
perimental conditions for one week. After
which 0.9 to 1 g of healthy thallus (10 repli-
cates per treatment temperature) were fixed
to glass rods with fine lines and incubated at
13, 16, 20, 23, 25 and 28°C with a photon
flux density of 10010 gpM-m~2.57!, in a
light regime of 12L.:12D hours. Fresh weight
was measured every 7 days and growth rates
assessed. One third of the unenriched cul-
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tured seawater was replaced every 2-3 days.
Data represent the first week of incubation.
Experiments were conducted in duplicate.
Daily growth rates were calculated as the in-
crease in fresh weight in percentage following
the formula of Penniman et al. (1986)

G=[(W,/W,)"—1] x 100

where G is % increase in fresh weight per
day, W, is initial weight and W, is weight
after t days.

Agar quality

The effect of temperature on agar proper-
ties of the Gracilaria sp. was also determined.
Healthy thalli, 50 to 60 g (10 replicates per
treatment temperature), were incubated in
the aquatron at the temperatures and culture
conditions described above. After two weeks
incubations, fresh weight was measured and
the samples were sun-dried prior to extrac-
tion.

Dried samples (50 g), were incubated in 2/
of 5% NaOH solution in 80°C water bath for
2hr and washed in tap water for 30 min.
The samples were neutralized in 1/ of 1.5%
H,SO, solution for 1 hr, and then washed in
tap water for 2 hr. The treated samples were
boiled for 2 hr using a Bunsen burner with
1.5 of distilled water in 2 / Erlenmeyer flask
equipped with reflux condenser. The agar
extract was filtered through muslin cloth.

A 1.5% agar solution was prepared from
the extracted agar by boiling 9 g of agar pow-
der in 600 m/ of distilled water for 30 min.
Viscosities of the solution at 80°C were deter-
mined using a Brookfield viscometer (Spindle
No. 1 at 60 rpm; Tokyo keki). Gel strength
(38 replicates per sample) were measured using
a 1 cm? plunger (Nikkansui Shiki gelometer,
Kiya Seisakusho, Tokyo) and gel pH was
measured using an electronic pH meter.
Gelling temperature was determined accord-
ing to Kim (1970).

Results

The physical and chemical characteristics
of seawater in the experimental chamber are

Table 1. Physical and chemical characteris-
tics of seawater in the aquatron during culture
period.

Temperature . PO,-P DIN
trezt:g)ent Salinity (ug- a:- Yy (ug-at-l-1)
13 34.10+0.10 0.13*0.03 0.94%0.55
16 35.53+0.04 0.30+0.03 0.58+0.22
20 33.85+0.08 0.16%+0.06 1.15+0.52
23 34.32+0.06 0.18%£0.06 0.52*0.18
25 33.97+0.31 0.24+0.11 1.13%0.94
28 36.40+0.04 0.12+0.03 4.21+2.65

shown in Table 1. Thalli were cultured in
water temperatures of 13, 16, 20, 23, 25 and
28°C. Water salinity fluctuated from
33.85%0.08 to 36.400.04. Total dissolved
inorganic nitrogen (DIN) and PO4-P con-
centrations varied from 0.52+0.18 to
4.21£2.65 pg-at-/~! and 0.12+0.03 to
0.30£0.03 pg-at-/~!, respectively.

Daily growth rates of thalli grown in the
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Fig. 1. Growth rates of Gracilaria sp. in the

aquatron culture system at various temperatures.
Lines represent standard deviations. Polynomial
curve represent predicted growth rates.
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Table 2. Agar yield, gelling temperature and
gel pH of agar obtained from Gracilaria sp. incubated
at various temperatures in the aquatron culture
system, after treatment for 2 h with 5% NaOH at
80°C.

1.5% agar product

Temperature Agazf)jield -
treatments d Gelling
(°C) crude extract temperature  Gel pH
0) (oc)
13 24.3+0.1 48 6.5
16 24.2+0.2 49 6.5
20 27.7£0.3 49 6.4
23 26.6+0.0 49 6.5
25 28.4%0.6 49 6.7

aquatron at various temperatures are shown
in Fig. 1. The greatest growth was observed
at temperature between 16°C and 20°C.
The cultured plants were healthy with dark
reddish color, branching, and no epiphytes.
Maximum daily growth rate attained was
2.47+1.05% at 16°C. Increasing cultured
temperatures over than 20°C, growth rates
were gradually decreased and obtained mini-
mum value of 1.20%+0.27% at 28°C. At
high temperature, the cultured thalli were
not healthy, much epiphytized.

Properties of agar obtained from Gracilaria,
after incubation in the aquatron at various

temperatures, are given in Table 2. Agar
yields varied between 24.2+0.2 and
28.4+0.6%. Gelling temperatures were
80
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Fig. 2. Viscosity of 1.5% agar extracted from

Gracilaria sp. incubated at various temperatures in
the aquatron culture system. Lines represent stan-
dard deviations. Polynomial curve represent
predicted viscosity.
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Fig. 3. Gel strength of 1.5% agar extracted

from  Gracilaria  sp. incubated at various
temperatures in the aquatron culture system. Lines
represent standard deviations. Polynomial curve
represent predicted gel strengthe.

rather stable between 48°C and 49°C and gel
pH of 1.5% agar gel ranged from 6.4 to 6.7.
Viscosity of 1.5 % agar sol attained maximum
value of 73.9%0.6 cP from sample cultured
at 16°C (Fig. 2). The values were decreased
after increasing water temperature and
obtained minimum value of 16.4+0.8 cP in
plant cultured at 25°C. The viscosity values
corresponded to agar gel strength values
obtained in this study. Gel strength of 1.5%
agar gel (Fig. 3) obtained highest values of
755*+15g-cm™2% at a temperature of about
16-17°C while the lowest value of 43748 g-
cm™~? occurred at 25°C. Increasing water
temperature over than 20°C, gel strengths
were descreased.

Temperature being tested in the cultured
conditions had no effect on the yield of agars
and gelling temperatures whereas low temper-
ature (16-20°C) had effect on agar gel
strength and viscosity values. The higher gel
strength and viscosity values also correspond-
ed with higher growth rates of the cultured
thalli.

Discussion

Growth of Gracilaria sp. showed positive



328 Chirapart, A. et al.

relationship with temperature up to 20°C,
and obtained maximum growth rate at a
temperature between 16°C and 17°C. This
result indicated the optimum temperature
similar to a previous study of G. chorda (15°C)
in the same culture system (Orosco and Ohno
1992). However, a previous study on growth
of Gracilaria spp. from southeast Asian water
using the same aquatron system, has been
reported maximum growth at 25°C for G.
“verrucosa” and G. fisheri and at 27°C for G.
salicornia and G. firma (Chirapart and Ohno
1993a). Present study, agar gel strength of
the Gracilaria sp. showed inverse relationship
with increasing temperature in the culture
system, and positive correlation with growth
rate. Similar result had been reported in
long-term experiments in outdoor culture of
Gracilaria cf. conferta in Israel, which showed
increased gel strength under high growth
rate conditions (Friedlander et al. 1987).
However, the Israel strain obtained high gel
strength at high temperatures in contrast to
the present study wherein alkali-treated agars
attained from the cultured Gracilaria showed
the best gel at low temperatures (16-17°C).
There results correspond with those of the gel
of Gracilaria collected from natural environ-
ment, which showed a maximum gel strength
value in winter, when seawater temperatures
were 15-17°C (Chirapart and Ohno 1993b).
This may be confirmed by the hypothesis of
Craigie and Wen (1984) that growth rate may
have more effect on gel strength than the
particular environmental factor being tested.
Craigie and Wen (1984) also suggested that
chemical composition varied with the part of
the thallus from which it was extracted and
with the temperature at which the alga was
grown. They also reported that Gracilaria
tikvahiae showed the highest 3,6-anhydrogalac-
tose content from alkali-modified agar of the
thalli grown at 17°C, and young parts of
thallus contained a higher proportion of 3,6-
anhydrogalactose than mature parts (Craigie
and Wen 1984). This, then, may in part
explain our observed correlations between gel
strength and growth rate at low temperature
in the aquatron culture system. Moreover,

there have been reports of gel strenghts
increased with increasing temperature, and
decreased with increasing nitrogen level
(Christeller and Laing 1989). Conversely,
lower gel strengths also have been reported
during summer or in high temperatures with
high level of sulfation (Cote and Hanisak
1986, Miller and Furneaux 1987).

In conclusion, optimum temperature for
growth of the Gracilaria sp. was 16-17°C. At
this low temperature condition, the algae also
can produce the best gel. Both growth rates
and culture temperature are considered to be
effect on agar quality of this seaweed. Under
certain conditions the cultured new Japanese
Gracilaria produced comparable yields and
agar properties to those of natural-grown
plants and its higher agar gel strength ob-
tained within the range (gel strength more
than 500g-cm™2) of commercial grade
agars. This new Japanese Gracilaria species
has a high potential as an essential source of
agar for food industry gels.
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