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Autecological studies on Chondrus nipponicus Yendo
(Gigartinales, Rhodophyta)

Michio Masuda and Yasuharu Hashimoto

Department of Botany, Faculty of Science, Hokkaido University, Sapporo, 060 Japan

Masuda, M. and Hashimoto, Y. 1993. Autecological studies on Chondrus nipponicus Yendo (Gigartinales,

Rhodophyta). Jpn. J. Phycol. 41: 99-111.

Seasonal fluctuations in biomass, blade size (stage class) and frequency of reproductive plants and
reproductive blades, and the proportion of tetrasporophytes and gametophytes were investigated in Chondrus
nipponicus Yendo (Gigartinales, Rhodophyta) growing in Oshoro Bay on the west coast of Hokkaido,
Japan. The blade size of each individual plant fluctuates seasonally: from spring to summer larger blades

increase in frequency and from autumn to winter they decrease.

In accordance with this fluctuation the

biomass of individual plants (and the population) changes, the maximum biomass being present in August
and the minimum in January. Reproduction is seasonally restricted from July to March. Reproductive
structures are formed on larger blades in summer and, progressively, on smaller blades in autumn. This
seasonal fluctuation can be quantified according to a R/T (total individual reproductive biomass/total
individual biomass) index. The proportion of tetrasporophytes and gametophytes is virtually 1: 1.

Key Index Words: Autecology—Chondrus—Chondrus nipponicus— Gigartinaceae— Gigartinales—

Uife-history strategy—perennial alga—Rhodophyta.

Carrageenan-producing algae are impor-
tant seaweed resources. Many carrageeno-
phytes (Chondrus, Gigartina, Rhodoglossum,
Mastocarpus, Ahnfeltiopsis, etc.) grow in Japa-
nese waters, but no autecological studies in
situ have been carried out except for Chondrus
yendoi Yamada et Mikami (Hasegawa and
Fukuhara 1952, 1955 as Iridophycus cornuco-
piae, Funano and Hasegawa 1964), which
differs from Iridaea cornucopiae Postels et
Ruprecht (Mikami 1965). In this study we
have attempted to analyze the seasonal fluctu-
ations in biomass, blade size (stage class) and
frequency of reproductive blades per individ-
ual, and to determine the proportion of sporo-
phytes and gametophytes of Chondrus nipponi-
cus Yendo for the elucidation of nuclear phase
composition in wild populations.

Chondrus nipponicus resurrected recently by
Brodie et al. (1991) includes the alga previous-
ly known as C. crispus Stackhouse in Japan
(Mikami 1965). This species differs from
genuine C. crispus from the Atlantic in gross
morphology, internal vegetative anatomy and

post-fertilization events in the developing
carposporophyte (Brodie et al. 1991). Chondrus
nipponicus is distributed mainly in areas
influenced by the Tsushima Warm Current
and its terminal branch, the Tsugaru Warm
Current, viz, along the coasts of Sea of Japan
of Honshu and Hokkaido and the Pacific
coasts of northern Honshu and southern Hok-
kaido.

Morphological characteristics of Chondrus
nipponicus have been described by Mikami
(1965, as C. crispus) and Brodie et al. (1991).
This species has a Polysiphonia-type life history
in the laboratory (Brodie e al. 1991);
however, it has been shown that the propor-
tion of tetrasporophytes and gametophytes
of species of Chondrus and the related genus
Iridaea differs in wild populations. Tetra-
sporophyte dominance in Iridaea cordata
(Turner) Bory populations has been reported
by Hansen and Doyle (1976) at Monterey,
California and Dyck et al. (1985) for sites
along the coast of Oregon. Gametophyte
dominance has been demonstrated for I. cor-
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data populations in Washington (Dyck et al.
1985, May 1986) and British Columbia (Dyck
et al. 1985). The proportion of both genera-
tions of Chondrus crispus changes along a verti-
cal gradient with gametophytes being more
abundant in the upper subtidal zone and
tetrasporophytes dominant in deeper water in
New Hampshire (Mathieson and Burns 1975)
and in the Maritime Provinces of Canada
(Craigie and Pringle 1978).

Materials and Methods

Field observations and collections of Chon-
drus nipponicus were made in Oshoro Bay
(43°13'N, 140°52°E) on the west coast of Hok-
kaido near the lectotype locality, Yagishiri
Island (Brodie et al. 1991). Tidal range is
narrow in Oshoro Bay as it is on shores facing
the Sea of Japan. The daily tidal ranges are
20-35 cm throughout a year at Otaru near
Oshoro Bay (Japan Meteorological Agency
1989). The monthly mean sea level is lowest
in March (about 10 cm) and highest in Au-

gust (about 30 cm) and fluctuates between
these extremes (Masuda and Horiuchi
1988). This species grows on rocks or ledges
below low-water mark. The vertical grow-
ing range is within 1m. Four study sites
(—40 cm) were established in March 1989
(Fig. 1): 1, 2, moderately wave-exposed area;
3, fully wave-exposed area and 4, in a tidal
pool at a sheltered locality. At each site, two
C. nipponicus subpopulations growing on
ledges were selected using an iron-frame quad-
rat of 50 X50 cm. Corners of each quadrat
were marked with nails hammered into the
rock and tagged with colored plastic tape.
Collections of all plants from per unit hold-
fast area have chiefly been employed in previ-
ous studies of the autecology of Chondrus
(Prince and Kingsbury 1973, Mathieson and
Burns 1975) and Mastocarpus (Burns and
Mathieson 1972, as Gigartina) species with
dense growth forms and individual plants are
impossible to identify within such popula-
tions. Chondrus nipponicus, however, does not
form such dense populations at any study site

Fig. 1.

Map of Oshoro Bay, showing four study sites.
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and careful observations iz situ with a water
glass made the recognition of each individual
composed of a holdfast and many upright
blades possible. Plants growing in each quad-
rat were recorded: 50 and 32 individuals in
each of quadrats at site 1, 54 and 28 at site 2,
56 and 21 at site 3 and 28 and 21 in site 4 at
the beginning of this observation. Four-six
individuals with holdfasts from each site were
haphazardly sampled using scrapers at the
beginning of each month from March 1989 to
February 1990. Plants with very large num-
bers of upright blades (more than 100) were
occasionally collected. Vertical sections of
discoid holdfasts of such samples revealed a
portion in which a holdfast was overgrown by
another holdfast (Taylor et al. 1981). Such
samples were excluded from our data.

Fresh specimens were measured individual-
ly as follows: 1) number of blades under a dis-
secting microscope, 2) length of each blade af-
ter removal from the holdfast, 3) number of
branches on each blade. The presence or ab-
sence of proliferations and reproductive struc-
ture of each blade were also recorded. Procar-
pic blades were determined by the presence of
refractive supporting cells at the tips of bran-
ches under a dissecting microscope and
confirmed by sections of small portions under
a compound microscope. Cystocarpic and
tetrasporangial blades were determined by
the protruding cystocarps and round to oval,
non-protruding tetrasporangial sori, respec-
tively, under a dissecting microscope. Youn-
ger cystocarps and tetrasporangial sori were
distinguished by checking for procarps on the
blades. Spermatangial blades were identified

Table 1.

by scraping spermatia from blades or by sec-
tioning small portions. Each blade, after
removal of epiphytes, was air-dried for 2-3
days. The dry weight of each blade num-
bered was determined after drying at 85°C
for 20-24h. After this treatment all blades
were resoaked and dried as herbarium speci-
mens.

Additional samplings were made in August
1990 to determine the relative abundance and
the distribution of gametophytes and
tetrasporophytes at their reproductively ma-
ture season. A quadrat (50 X 50 cm) was es-
tablished on each study site (Fig. 1) and all
plants of C. nipponicus were mapped, then one
or two larger blades of each individual were
collected and their reproductive structures
were examined in laboratory.

Size class structures have been used to de-
termine the stage of the foliose red algal life
history in situ (Burns and Mathieson 1972,
Mathieson and Burns 1975, Hansen and
Doyle 1976, Pybus 1977, Kilar and Mathie-
son 1978, Bhattacharya 1985, May 1986,
Sharp 1987, Lazo and McLachlan 1989,
Fernandez and Menéndez 1991). Size class-
es in these reports are based on surface areas
of blades, lengths of blades, weight (dry or
wet) or various combinations of these
parameters. Upright blades were firstly as-
signed to one of 5 classes on the basis of dry
weight (Table 1). This sorting did not al-
ways conform with blade length or numbers
of branches (Table 1). Upright blades are
usually divided dichotomously or subdichoto-
mously with increase in length. These divi-
sions result in an increase of individual bio-

Stage classes of individual blades of Chondrus nipponicus discriminated on the basis of the dry

weight. Corresponding ranges of blade length and number of branches are also given.

Stage class l%l:anngg)e Correspondi?lﬁ;a)nge of length Corresponding range of branches
1 - 09 2- 10 0-1
2 1.0- 9.9 6- 28 0- 4
3 10.0- 99.9 18- 60 1- 8
4 100.0- 999.9 41- 94 1-14
5 1000.0-9999.9 76-120 12-14
6 eroded blade after spore or

spermatial release
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Figs. 2-7. Living blades of Chondrus nipponicus collected in Oshoro Bay, showing representatives of the

discriminated stage classes based on individual dry weight: 2, stage class 1; 3, 4, stage class 2; 5, stage class 3; 6,
stage class 4; 7, stage class 5. Scale in Fig. 6 also applies to Figs. 2-5.
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Table 2.

Seasonal fluctuations in number of blade per individual (mean = SD), biomass per individual (dry

weight, mean=+SD), frequency of reproductive individuals (FRI), frequency of reproductive blades (FRB) and
R/T index (total individual reproductive biomass to the total individual biomass) in Oshoro Bay population of
Chondus nipponicus during March 1989 and February 1990. Average seawater temperatures (ST) and daylengths

(DL) were also given.

Month Indivit.iuals Number of Biomass FRI FRB R/T index ST DL
examined blade (mg) %) %) (%) (°C) (h)
March 20 36.2+10.4 565+174 5 0.1 2 4.6 11.95
April 16 37.1%+ 9.3 867+373 0 0 0 7.1 13.45
May 16 37.7+ 8.6 1185%600 0 0 0 10.3 14.68
June 14 38.3+13.8 1616+640 0 0 0 14.3 15.32
July 16 44.9+19.3  2083+677 63 10 52 19.1 15.02
August 14 45.5+21.7  2495+973 100 28 93 22.7 13.91
September 16 40.5+13.4  1852+980 100 24 98 20.3 12.53
October 14 40.7+12.1 870420 100 20 86 15.7 11.04
November 18 37.8+14.8 560+400 100 15 80 11.5 9.74
December 16 38.1+19.6 313+£220 88 11 59 8.0 8.71
January 16 35.6+16.6 249+112 38 4 20 4.9 9.41
February 20 35.6+18.4 413+181 15 3 16 3.8 10.53

mass of blade. Differences in biomass be-
tween blades with the same length are caused
by the incidence of branching. The widths of
blades probably also affect their biomass,
although blade widths were not assessed. On
the other hand, palmately divided blades are
frequently found also. These blades have a
higher incidence of branching than the
dichotomously or subdichotomously divided
blades with the same dry weight. The de-
velopment of proliferations and an increase of
thicknesses may contribute to an increase in
biomass. Accordingly, the growth stage of
blades of C. nipponicus, which are so much
branched and produce numerous prolifera-
tions, is best shown by dry weight. Dry
weight may allow meaningful comparisons be-
tween different populations of the species con-
cerned and between different species. Select-
ed blades of 5 stage classes are shown in
Figures 2-7. Furthermore, wave-eroded
blades after spore or spermatial release were
frequently observed. In the previous reports
these blades have been included in the smaller
classes (Hansen and Doyle 1976, Kilar and
Mathieson 1978). We provided these blades
with one class (class 6 in Table 1). Thus, our
class is not the size class but the stage class.
To quantify reproductive maturation the

relationship between the total individual
reproductive biomass (R) to the total individ-
ual biomass (7) was investigated according to
the formula R/T as proposed by Hansen
(1977) for Iridaca cordata. The resulting value
ranges from 0 to 1.0. As the value ap-
proaches 1.0, the component of reproductive-
ly mature biomass approaches 100% (Hansen
1977). The R/T index (R/T X 100) is shown
as a percentage (see Table 2).

Daylengths in Oshoro Bay were calculated
according to a formula and table given by
Suzuki (1987). Seawater temperatures were
provided from Oshoro Marine Biological Sta-
tion of Hokkaido University. Voucher speci-
mens are preserved in the herbarium, Faculty
of Science, Hokkaido University, Sapporo
(SAP).

Results

Seasonal fluctuations in biomass

Plants of Chondrus nipponicus growing at the
four study sites did not show any spatial differ-
ence in biomass and in the pattern of seasonal
fluctuation. For example, mean individual
biomass of each study site in August is
2429 mg at 1, 2370 mg at 2, 2386 mg at 3 and
2369 mg at 4 and that in February is 391 mg
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at 1, 392 mg at 2, 415 mg at 3 and 404 mg
at 4. No significant differences in individual
biomass  between  gametophytes and
tetrasporophytes were found. In August
mean individual biomass of male gameto-
phytes is 2325 mg, that of female gameto-
phytes 2821 mg and that of tetrasporophytes
2402 mg. The data from each site, including
different generations, were totaled monthly
and averaged. Annual fluctuations in
average individual biomass is shown in Table
2. The minimum biomass was present in
January and then increased from February
to summer with a peak in August; it subse-
quently decreased.

Seasonal fluctuations in blade size

Each individual of Chondrus nipponicus is
composed of many upright blades and a dis-
coid holdfast. The number of blades varies
according to individuals. The largest num-
ber recorded was 60-70 and the smallest 10-
20; however, standard deviations are usually
large (Table 2). No significant seasonal
difference in the number of blades was
found. [Comparison of means test between
the largest number recorded month (August)
and the smallest number recorded month
(January), d.f.=24, t=1.26; p>0.2.] In-
dividuals with large blade numbers had larger
holdfasts and individuals with small blade
numbers had smaller holdfasts. The latter
were collected during January and February
and this may be an indication of different
ages, but, as we could not carry out a demo-
graphic analysis of the population, ages of
individual plants could not be determined.

The blades are different in size to each
other. Figures 8 and 9 shows the seasonal
change of stage class structures determined on
the basis of the categories given in Table 1.
No difference in this character was found ac-
cording to study sites and generations. The
data collected from each site were totaled
monthly and averaged. There were general
increases of larger blades and their frequency
from January to August in accordance with
an increase in biomass. In January, the lar-
gest blades belonged to stage class 4, but they

represented only a few percent of individual
plants. Blades of this class increased in num-
ber from February onward. In June, larger
blades belonging to class 5 began to appear
and increased in number during the summer
months. From September to January a
decrease in the frequency of larger blades
occurred. In any season the smallest blades
of class 1 were found among larger blades on
every individual.

From October, smaller individuals consist-
ing of a small holdfast and a few upright
blades less than 1 cm long began to appear.
These were probably young plants derived
from sporelings. However, it had been im-
possible to discriminate these plants from
young Chondrus yendoi with certainly from
October to December. The data from the
plants during these months were therefore not
included in our results. Their specific iden-
tity was established from January onward.
These plants strongly suggested the occur-
rence of new sporelings.

Seasonal fluctuations of reproductive blades

Reproductive individuals appeared first in
July and all individuals collected from August
to November were reproductive. Reproduc-
tive individuals decreased in number during
the winter months (Table 2).

The frequency of reproductive blades fluctu-
ates seasonally: 10% in July, more than 20%
during the following three months, and then
decreasing until early spring (Table 2). The
frequency of reproductive blades in each stage
class is given in Figures 8 and 9. During Au-
gust and January all blades more than 100 mg
in dry weight (stage class 4) reached reproduc-
tive maturity. The frequency of reproduc-
tive blades between 10.0-99.9 mg (stage class
3), however, varied seasonally. These blades
increased from August through November
and then decreased. These fluctuations were
quantified according to the R/T index shown
in Table 2. In July, 52% of the total biomass
among individual blade samples was
reproductively mature. This percentage in-
creased toward September when 98% of the
total biomass formed reproductive struct-
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ures. Reproductive blades collected in Febru-
ary and March were only cystocarpic and had
a few cystocarps. The occurrence of smaller,
reproductive blades 1.0-9.9 mg
(stage class 2) was restricted during October
and December. The smallest reproductive
blade was 4.8 mg in dry weight and 15 mm in
length.

Tetraspores and carpospores were released
after the disintegration of the outer tissue

between

Stage Class

Stage Class

Stage class structures of blades in Oshoro Bay population of Chondrus nipponicus from March to
Shaded portions, showing the frequency of reproductive blades.

covering tetrasporangial sori or cystocarps
and older reproductive blades had many
holes. These blades were vulnerable to wave
exposure. Spermatia are released through
the surface cuticle and the soral portion is also
vulnerable, becoming eroded by wave act-
ion. Such eroded blades of tetrasporophytes
and both gametophytes (stage class 6) began
to appear in September, lasting until Janu-
ary, and then disappeared. Several of them
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Fig. 9. Stage class structures of blades in Oshoro Bay population of Chondrus nipponicus from September to

February. Shaded portions, showing the frequency of reproductive blades.

had no reproductive structures as a result of
wave action. The loss of these blades from
holdfasts during the winter months might be
promoted by increased wave action resulting
from increased winds in winter.

Tetraspore and/or carpospore release was
tested from August to March. All plants exa-
mined released tetraspores or carpospores ex-
cept for cystocarpic plants collected in Febru-

ary and March. These cystocarpic plants

were maintained in a culture room at 15°C,
8 :16 h light : dark cycle—where gametogene-
sis, carposporophyte development and carpo-
spore release were observed (Brodie et al.
1991)—for 4 days, but they did not release car-
pospores. In section the cystocarps appeared
to be mature and have healthy carposporan-
gia. Spore release studies were not carried
out in July.
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Fig. 10. Distribution of tetrasporophytes and
gametophytes of Chondrus nipponicus in each quadrat
of 2500 cm? at four study sites in Oshoro Bay. ®,
tetrasporophyte; ®, female gametophyte; A, male

gametophyte.

Proportion of tetrasporophytes and gametophytes

The relative abundance of tetrasporophytes
and gametophytes in August 1990 at each
study site is shown in Table 3. All these sam-
ples had an almost 1:1 ratio of tetrasporo-
phytes and gametophytes. Their distribution
is illustrated in Figure 10. In most cases
tetrasporophytes, male and female gameto-
phytes grew intermixed in each quadrat (2500
cm?).

Discussion

In Oshoro Bay, the occurrence of popula-
tions of Chondrus nipponicus with virtually
equal numbers of tetrasporophytes and
gametophytes and the appearance of new
sporelings suggest that there is an in situ life
history involving the regular alternation of
both isomorphic generations and these genera-
tions have equal chances of becoming estab-
lished. Plants of both generations have peren-
nial holdfasts from which many upright
blades are formed. This species maintains
the population by means of the perennial
holdfasts and sporeling recruitment.

Upright blade size on each holdfast (=per
individual) fluctuates seasonally: from spring
to summer larger blades increased in fre-
quency and from autumn to winter they
decreased. In accordance with this change,
the biomass of individual plants and the
whole population fluctuates: the minimum
biomass is present in January and the maxi-
mum biomass in August. The majority of
blades belong to smaller classes at any season
(Figs. 8, 9) as reported for Iridaea cordata in
California (Hansen and Doyle 1976). This
can be equally applicable to other morphologi-
cally similar perennial species, such as Chon-
drus crispus (Pybus 1977, McLachlan et al.
1989) and Mastocarpus stellatus (Stackhouse in
Withering) Guiry (Pybus 1977, as Gigartina
stellata).

In Oshoro Bay from early spring to early
summer when larger blades began to increase
in number the seawater temperatures rose
from 4.6°C to 14.3°C and the maximum bio-
mass was evident in August when maximum
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Table 3. Relative abundance of tetrasporophytes and gametophytes in the Oshoro Bay population of
Chondrus nipponicus.
Reproductive phase Site 1 Site 2 Site 3 Site 4 Total
Tetrasporophytes 28 (54%) 8 (50%) 15 (44%) 22 (42%) 73 (47%)
Female gametophytes 11 (21%) 4(25%) 8 (24%) 20 (38%) 43 (28%)
Male gametophytes 13 (25%) 4(25%) 11 (32%) 10 (19%) 38 (25%)
temperatures were 22.7°C. The spring to  population of Chondrus nipponicus was

early summer period was also associated with
a corresponding increase in daylength with
about 12 h in March and about 15 h in June.
A decrease in biomass from autumn to winter
is related to the loss of larger reproductive
blades and the slow growth of smaller blades
by decreasing temperatures and daylengths.
According to Kanomata et al. (1986), who
measured seasonal change in concentrations
of nutrients at Yoichi (43°15'N, 140°47.2°E)
near Oshoro Bay, ammonium, nitrite, nitrate
and phosphate concentrations vary seasonal-
ly: high during December and March and low
from April to November. Thus, no correla-
tions between seawater nutrient levels and
seasonal fluctuations in biomass were found.

The reproductive season of Chondrus nipponi-
cus is restricted. Reproductive individuals
appeared in July and increased in number
during summer and autumn months. They
decreased in number during winter months
and no reproductive individuals were found
from April to June (Table 2). Larger blades
first became reproductive and subsequently
smaller blades also became reproductive.
The critical size of reproductive blades during
the season concerned is 4.8 mg in dry weight
and 15 mm in length. The delayed disappear-
ance of cystocarpic blades may be due to slow
growth of cystocarps during the cold winter
months. These blades had a few cystocarps
on the lower portions and no procarps on any
portions, suggesting that they ceased gameto-
genesis after fertilization and grew vegetative-
ly. Itis questionable whether the cystocarpic
blades found in February and March contrib-
ute to maintenance of the population studied,
because no spores were released from these
blades.

Reproductive phenology of the Oshoro

described in an earlier paper (Brodie ¢t al.
1991). That description was based on period-
ic collections during 1977-78 (by H. Kawai),
1984-85 (by K. Kobayashi) and 1988-89 (on-
ly winter months by M. Masuda). Accord-
ing to these collections, tetrasporangial plants
first appeared in early June. Samples were
not collected in late June in 1989. In 1989,
tetrasporangium formation might have been
delayed a few weeks (not a month), since
tetrasporangial plants collected in early July
in 1989 had larger sori. Seawater tempera-
tures during the last twenty days of May in
1989 were 10-12°C and about 1°C lower than
the corresponding season in 1977. This spe-
cies may therefore require higher tempera-
tures for tetrasporogenesis.

A laboratory culture experiment suggests
that gametogenesis of Chondrus nipponicus is a
short-day response (Brodie et al. 1991). The
appearance of spermatangial and procarpic
plants in early July is not at odds with such a
short-day response. The daylengths in Os-
horo Bay are 15.39 h in the last third of June
and 15.30h in the first ten days of July.
Short-day plants growing at higher latitudes
have longer critical day lengths: 16.5h for a
population of the flowering plant Xanthium
strumarium L. at 45.5°N (Ray and Alexan-
der 1966), 14 h for the brown alga Scytosiphon
lomentaria (Lyngbye) Link at 66°N (Lining
1980), and 16 h for Ahnfeltiopsis flabelliformis
(Harvey) Masuda at 45.3°N (Masuda unpub-
lished observations). Gametogenesis (and
also tetrasporogenesis) decreased from
November onward when the daylengths were
about 9-10 h (suitable for gametogenesis) and
the seawater temperatures were 4-8°C. The
photoperiodic response of this species may be
only expressed over a particular temperat-
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ure. Further studies are needed to clarify the
critical levels of daylength and temperature
for reproduction of C. nipponicus. Hasegawa
and Fukuhara (1952) and Funano and
Hasegawa (1964) reported the year-round oc-
currence of cystocarpic and tetrasporangial
plants in Chondrus yendoi at five localities in
Hokkaido. Plants bearing cystocarps and
tetrasporangial sori are never totally absent
from Chondrus crispus populations during a
year at Plymouth, Massachusetts (Prince and
Kingsbury 1973). The year-round occur-
rence of reproduction has been known for
other geographically distant populations of C.
crispus also (Tveter-Gallagher et al. 1980,
McLachlan et al. 1988, Guiry personal com-
munication). These two species do not show
photoperiodic responses in laboratory cul-
tures (Brodie et al. 1991, Masuda unpublished
observations).

The frequency of reproductive individuals
in the southern Gulf of St. Lawrence popula-
tion of Chondrus crispus are 24% from May to
September and that of reproductive blades is
less than 10% (McLachlan et al. 1988).
These may be characteristic of species with
the year-round reproduction in a certain
reproductive season. However, Chondrus nip-
ponicus has much more abundant reproduc-
tive individuals and blades per individual
(Table 2). Reproductive blades became erod-
ed after spore or spermatial release. They
were designated here as stage class 6 (Fig.
9). These blades lasted until January with a
peak frequency in November and then disap-
peared without production of new prolifera-
tions, which suggests that most blades are
semelparous (Pianka 1983), though individ-
ual plants being iteroparous (Pianka 1983),
and have truncated life spans of less than two
years. These blades are equivalent to the
“stubs” of Iridaea cordata mentioned by Han-
sen and Doyle (1976). As to life spans of up-
right blades of perennial red algae with
tenacious holdfasts, Hansen (1977) shows
clearly on the basis of individually tagged
blades of Iridaea cordata that all blades live for
only one year or less. Bhattacharya (1985)
described similar life spans for Chondrus crispus

blades.

All blades of the smallest class 1 (less than
1.0 mg in dry weight) remained vegetative.
The majority of blades of stage class 2 and a
few percent of blades between 10.0-99.9 mg
(stage class 3) also remained vegetative (Figs.
8, 9). Is there an element of paradox there-
fore in the production of many blades? Pho-
tosynthetic products are not able to allocate
sufficiently to reproduction, because too
many blades are formed and the production
of blades remaining vegetative is a waste of
energy. The vegetative blades, however,
may represent a stock of blades that can
replace old reproductive and/or grazed blades
and will become reproductive in the next sea-
son. Reproductive structures of C. nipponicus
are restricted to small portions of blades
(Mikami 1965, Brodie et al. 1991). This spe-
cies can supply photosynthetic products for
vegetative growth even during the reproduc-
tive season as does Iridaea cordata (Hansen
1977). An increase in biomass from July to
August and the formation of new blades even
during the summer reproductive months may
support this assumption.  Furthermore,
some of photosynthetic products can be allo-
cated to the formation of new blades, because
this species has no storage organs. The allo-
cation rate to small blades can be quantified
by the R/T index (Hansen 1977). The maxi-
mum of reproductively mature biomass is
98% of the total individual biomass in Sep-
tember (Table 2), which indicates that a small
quantity of photosynthetic products is re-
quired for the production of the remaining
29%. According to Bhattacharya (1985), who
carried out a demographic study of Chondrus
crispus blades, smaller blades exhibit higher
survivorship than larger ones.

Allocation rates of photosynthetic products
to reproduction and a stock of blades (“blade
bank”) can be approximately estimated by the
R/T index proposed by Hansen (1977). The
maximum R/T index of Iridaea cordata is 909§
and the remaining 10% is allocated to a blade
bank. The maximum R/T index of C. nip-
ponicus is 98%. The R/T index of these spe-
cies does not reach 100% and the remaining
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photosynthetic products can be allocated to a
stock of the next season. This feature is likely
to be a general life-history strategy of peren-
nial red algae. The maximum R/T index of
annual red algae should, theoretically, be
1009%, but such data have not been reported
for annual species. The R/T index may be
applied to Dumontia contorta (Gmelin)
Ruprecht as described by Kilar and Mathie-
son (1978, as D. incrassata). In a New Ham-
pshire population of this species blades are
1009 vegetative during the early growing sea-
son (October through December). Reproduc-
tive blades appear from February onward,
reaching 100% from May to July (R/T
index=100%), and then all upright blades
disappear suddenly. Thus, photosynthetic
products of annual algae can be efficiently
allocated to reproduction in the season con-
cerned.

Numbers of Chondrus nipponicus plants col-
lected in this study were not large and errors
in haphazard samplings were unavoidable.
However, our results may show the general
tendency of seasonal fluctuations in the bio-
mass, stage classes of upright blades and fre-
quency of reproductive plants and blades in
the Oshoro Bay population.
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Reproductive structures of Caloglossa ogasawaraensis Okamura are described based on the field and
cultured plants from brackish areas in the Pacific coast of Japan. Tetrasporangia, carpogonia and
cystocarps, and spermatangia develop on separate thalli in wild populations. Reproductive
characteristics of cystocarpic and tetrasporic plants agree well with those given by Okamura. The sper-
matangium and carpogonial branch of this taxon are described for the first time. A carpogonial branch is
composed of a four-celled filament arising on a supporting cell, which is a common feature in the
Ceramiales. Tetrasporic, female and male plants obtained from culture produced tetrasporangia, many
pseudocystocarps and abundant spermatangia respectively.
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The genus Caloglossa, which comprises at
least 6 species, is widely distributed not only
in many marine or brackish habitats but
also in the fresh-waters all over the world.
Okamura (1897) established a new species,
Caloglossa ogasawaraensis, based on the sterile
plant from the fresh-waters in Ogasawara
Islands, which could be distinguished from
Caloglossa leprieurii by its narrower blades. It
grows in brackish and fresh-waters in the tem-
perate and tropical regions of the Indo-Pacific
oceans and the southern Atlantic, such as
South Africa (Goebel 1898 as C. zanzibarien-
sts), Malaysia (Ratnasabapathy and Kumano
1982), India (Jose and Patel 1990), Perd
(West 1991) and West Africa (Post 1966).
There are several studies on taxonomical and
morphological respects on C. ogasawaraensis
(Post 1936, 1943, Fan 1952). This species is
widely distributed along the south and middle
parts of Japanese coasts, growing especially in
brackish waters of estuaries (Umezaki 1962;
Yoshizaki et al. 1985; Kamiya 1992).

In spite of the wide distribution of Calo-
glossa, reproductive plants, especially gameto-

phytes have rarely been observed. During
the course of taxonomical study on Japanese
Caloglossa, senior author (J.T.) collected
reproductive plants of some species, and
described female and male gametophytes in
Caloglossa leprieurii f. continua (Tanaka 1992).
In the present paper, the reproductive struc-
ture of Caloglossa ogasawaraensis obtained in
nature and culture is described in detail.

Materials and Methods

The materials were collected and soon after
they were fixed and preserved with 1:2:2:5
formalin-alcohol-glycerol-seawater solution,
and deposited at the National Science Muse-
um, Tokyo (TNS-AL). Photographs were
taken from the slide preparations which were
mounted with 509 sugar syrup after being
stained with 19 aqueous cotton blue. A
Nikon photomicroscope fitted with differen-
tial interference-contrast optic was used for
some photomicrographs. A freezing Micro-
tome (American Optical Co.) was used for
sectioning the materials.



114 Tanaka, J. and Kamiya, M.

Sexual plants of Caloglossa ogasawaraensis
were also obtained by culturing tetraspores
released from the materials collected in
Wakayama and Chiba Prefecture. Mature
tetrasporic plants were obtained by 1 year cul-
ture of vegetative plants from Miyazaki
Prefecture. Cultures were incubated in a
photoperiod of 14 L:10D under 30 #mol
m~2s~! cool-white fluorescent lamps at
20°C. Cultures were grown in plastic cups
with 20-30 m/ of 409 Provasoli’s Enriched
Seawater (PES: Starr and Zeikus, 1987), and
media were changed once a month.

Description

Caloglossa ogasawaraensis Okamura, Bot.
Mag. Tokyo, 11: 13, figs. A-D, 1897; Icon.
Jpn. Alg. 1: 183, pl. 37: figs. 1-11, 1908.

C. zanzibariensis Goebel, Flora 85: 65, figs.
1-6, 1898.—Okamura, Icon. Jpn. Alg. 1:
183, 1908.

Habitat: Growing on rocks and stems of
a grass Phragmites australis and some other
grasses growing in the river mouth, often mix--
ed with Caloglossa leprieuri f. continua and Bos-
trychia moritziana in the upper to lower parts of
the intertidal zone where are just above and
overlapping with the growing zone of C.
leprieurii f. continua.

Representative specimens examined:
TNS-AL-6294 (tetrasporic plant) and TNS-
AL-6295 (female and male), the mouth of
Aono River, Minamiizu-machi, Shizuoka
Pref., coll. J. Tanaka, Aug. 12, 1992; TNS-
AL-6300 (male plant after 5 months culture),
the mouth of Hiki River, Miyazaki Pref.,
coll. D. Honda, Apr. 14, 1992; TNS-AL-
6301 (female plant after 10 months culture),
the mouth of Kido River, Chiba Pref., coll.
M. Kamiya, Nov. 22, 1991; TNS-AL-6309
(tetrasporic plant after 1 year culture), Aoshi-
ma, Miyazaki Pref., coll. M. Kawachi, May
31, 1991.

Vegetative field plant:

Thallus is spreading in one plane, some-
times forming a dense tuft, creeping at the
basal part with rhizoids, dark violet, sub-

dichotomously divided at 5-10 times, some-
times tri- or tetrachotomously divided, 0.5-
3 cm high, composed of many blades (Fig.
1). Each blade, lanceolate, 2-3 mm long in
the lower part of a thallus and becomes short-
er toward the apex, 200-350 ym wide at the
middle part, constricted at the node. Secon-
dary branches and rhizoids are often arising
from the central cell of the nodes. Blade is
composed of a central axis and one cell layer
of wing cells which are regularly arranged in
both sides of an axis. Central axis is com-
posed of a longitudinal line of central cells and
four pericentral cells around a central cell.
Wing cells are composed of five or six cell
rows of the second and third order arising
from lateral pericentral cells. No intercalary
cell divisions occur in the wing cells.

Three kinds of reproductive plants, sporo-
phyte, male and female gametophytes occur
simultaneously in wild population in Shizuo-
ka Prefecture, but gametophytes were collect-
ed only in August. They are slightly differ-
ent in general appearance, and can be distin-
guished from each other by their size of thalli
and the shape of reproductive structures
(Figs. 2, 8, 16).

Tetrasporophyte:

Field plant: Tetrasporophytes are bigger
than gametophytes at least in natural popula-
tions, branches out up to ten times and
becomes 3 cm high. Tetrasporangial sori are
produced on both sides of a central axis in the
upper and middle parts of a thallus, linear in
shape, 400-900 #ym long and 150-300 gm
wide (Fig. 2). Tetrasporangia are cut off
from the lateral pericentral cells (Fig. 2) and
the cells of the second, and sometimes from
the cells of third order (Figs. 3, 4) except 2-3
marginal cells. They are arranged in 2-5
rows from center to margin (Figs. 2, 3, 6).
At first a lateral pericentral cell or a wing cell
divides transversely to form a tetrasporangial
mother cell on the upper side and a residual
stalk cell. A stalk cell cuts out two cover cells
towards the both surfaces. Tetrasporangial
mother cells become larger in diameter, and
when matured, tetrahedrally or cruciately
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7. Field and cultured plants of Caloglossa ogasawaraensis.
Figs. 1-4. Field plants.
Fig. 1. Habit of a field plant.
Fig. 2. A branch with a tetrasporangial sorus (arrowhead).
Fig. 3. Surface view of a tetrasporangial sorus formed on the both sides of a central axis.
Fig. 4. Divided tetrasporangia with cover cells (cv, arrowhead).
Figs. 5-7. Cultured plants.
Fig. 5. Habit of a tetrasporophyte with matured tetrasporangial stichidia.
Fig. 6. Mature and emptied tetrasporangial sori in stichidia.
Fig. 7. Divided tetrasporangia with cover cells (co, arrowhead).

divided to produce four tetraspores. Tetraspo-  tetrasporangia (Fig. 4).
rangia are spherical, 35-40 #m in diameter Cultured plant: Branches are much narrow-

Cover cells do not fully cover the er than those of natural plants as shown in
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100xm

Surface view of a carpogonial branch composed of a four-celled filament arising on a central cell (¢g:

carpogonium; ¢bl, ¢b2, cb3: first, second and third cell of carpogonial branch, respectively; sp: supporting cell; stc:

An immature cystocarp, showing a fusion cell (arrowhead) and gonimoblast cells (¢, arrows).

A Mature cystocarp, showing carpospores discharging from a terminal ostiole.

Figs. 8-12. Female gametophyte of Caloglossa ogasawaraensis in nature.
Fig. 8. Branches with a mature and a young cystocarps.
Fig. 9.

sterile cell).
Fig. 10.
Fig. 11. Gonimoblast cells (¢, arrows) and immature carposporangia (¢s, arrowheads).
Fig. 12.

Fig. 5. Tetrasporangial branches are abun-

dantly formed, and tetrasporangia and cover
cells are formed by the similar manner in
natural plants (Figs. 6, 7).

Female gametophyte:

Field plant: Female plants are 5-8 mm
high and 150-250 pgm wide, smaller than
tetrasporophytes, divide at 2-3 times, often oc-

curring with male plants, and distinguished
from the male plant by possessing globular
cystocarps (Fig. 8). Several procarps are
produced at the upper part of a blade along a
central axis. Before the formation of a car-
pogonial branch, a pericentral cell cuts on a
sterile cell initial. A carpogonial branch ini-
tial is produced from a pericentral cell, which
is called a supporting cell from then on. An
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Figs. 13-15.
Fig. 13.
Fig. 14.
Fig. 15.

initial cell divided into 4 segments including a
carpogonium with a long (about 100 zzm)
trichogyne. A procarp is finally composed of
a four-celled carpogonial branch, a support-
ing cell and two mother cells of sterile groups
(Fig. 9). One of these procarps develops to
form a fusion cell giving rise to many elongat-
ed gonimoblast cells (Fig. 10).
posporangia are formed on gonimoblast cells
in chains (Fig. 11). A cystocarp is subspheri-
cal, forming a conspicuous projection upon
the central axis near the apex of a female
blade, 500-800 #m in diameter (Fig. 12).
Many carpospores are produced in a cys-
tocarp and they are teardrop-shaped and
28-40 #m long and 15-25 #m in diameter.
Mature plants with cystocarps can be easily
recognized in the field by the unaided eyes.
Cultured plant: Thalli grow up to 2 cm
high and 200-400 #m wide, longer and wider
than field plants (Fig. 13). Many carpogoni-
al branches were produced in a line along a
central axis (Fig. 15). The trichogynes of a
cultured plant are longer (100 #m or more)

Many car-

Female gametophyte of Caloglossa ogasawaraensis in culture.
Branches with pseudocystocarps.
A pseudocystocarp. No gonimoblast cell is seen.

A pseudocystocarp and several unfertilized carpogonial branches (arrowheads).

than those of the field ones. One, sometimes
two, of the carpogonial branches in a blade
became pseudocystocarps parthenogenetical-
ly (Fig. 13). They could not function as the
true cystocarps and not produce any gonimo-
blast cells or carpospores (Fig. 4).

Male gametophyte:

Field plant: Male plants are smaller than
tetrasporophytes, 5-9 mm long. Spermatan-
gial sori are produced on both sides of a
central axis of at the upper to middle parts
of a thallus, 300-900 #m long and 100-220
p#m wide (Fig. 16). Spermatangia are cut off
from almost of all wing cells except a few mar-
ginal cells (Figs. 17-18).

Cultured plant: Thalli more frequently
branch than the field plants. Branches grow
up to 3mm long and 300 #m wide, longer
and wider than field plants (Fig. 19). After
six months culture, most branches of a male
plant were transformed into spermatangial
sori on the whole surfaces except the central
cells, pericentral cells and marginal cells (Fig.
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Figs. 16-18.
Fig. 16.
Fig. 17.
Fig. 18.

22). At first step in the formation of sper-
matangia, a wing cell cuts out four or more
cortical cells on both surfaces. Then a corti-
cal cell which functions as a spermatangial
mother cell cuts out four to six spermatangia
by oblique walls (Fig. 20). Each spermatangi-
um differentiates a single spermatium. After
the release of spermatia (Fig. 21), wing cells
and spermatangial mother cells remained
(Fig. 23), and soon these collapsed and disin-
tegrated.

Discussion

Okamura (1897) newly described Caloglossa
ogasawaraensis based on the sterile specimens
from fresh water of the Ogasawara Islands,
distinguished from the commonest species in
Japan, Caloglossa leprieurii f. continua by its nar-
rower (up to 1 mm wide) blade with clear con-
strictions at the nodes. Later Okamura
(1908) described and figured the cystocarpic
and tetrasporic plants of this species in de-
tail. The present observation on female

gametophytes and tetrasporophytes agree

Male gametophyte of Caloglossa ogasawaraensis in nature.

A branch with a spermatangial sorus (arrowhead).

Spermatangial sori formed on the both sides of a central axis.

Surface view of a spermatangial sorus, showing spermatangia (arrows).

well with the descriptions and figures given by
Okamura. However, he did not described
the male plant and the procarps of female
plant, which are described for the first time
here.

As to the formation of tetrasporangia, the
cultured plants irregularly branched and
formed abundant terminal ultimate branches
which transformed into the tetrasporangial
stichidia. The formation of stichidia have
been observed only under culture. While the
field plants formed tetrasporangial sori on the
middle part of the internodes of branches.
Cover cells never completely cover the enlarg-
ing tetrasporangia which remain partially ex-
posed on the surfaces in mature stage on both
of the culture and field plants. This type of
cover cell formation corresponds with the
other Caloglossa species.

Carpogonial branch formation, the arrange-
ment and number of carpogonial branch
cells, the supporting cell and sterile cells
agrees with that of Caloglossa leprieurii f. con-
tinua given by Tanaka (1992). According to
Papenfuss (1961) a second sterile cell group
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Figs. 19-23. Male gametophyte of Caloglossa ogasawaraensis in culture.

Fig. 19. Branches with spermatangial sori.

Fig. 20. Cross section of a spermatangial sorus, showing spermatangial mother cells (spme, arrowhead) and
spermatangia (sp, arrows).

Fig. 21. Release of spermatia from a sorus.

Fig. 22. Surface view of a spermatangial sorus, showing matured spermatangia (sp, arrows) developed on
spermatangial mother cells.

Fig. 23. Surface view of an empty spermatangial sorus, showing spermatangial mother cells (spme, ar-
rowheads).
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was rarely produced in Caloglossa leprieurii f.
leprieursi.  On the other hand Caloglossa
ogasawaraensis always produces two group of
sterile cells. The carpogonial branch is com-
posed of a four-celled filament in the present
materials from nature and culture, as is ordi-
nary in the Ceramiales. This was also recog-
nized in the materials of several other taxa of
Caloglossa, such as C. leprieursi f. continua
(Tanaka 1992), Caloglossa leprieursi f. leprieursi
(Papenfuss 1961), and C. leprieurii var. hooker:
(Tanaka and Chihara 1985).

Spermatogenesis of Caloglossa ogasawaraensis
is similar to that in two forms of Caloglossa
leprieurii, f. leprieurii and continua described
by Papenfuss (1961) and Tanaka (1992)
respectively. There is, however, a slight
difference between them: In the present
material and f. continua, a cortical cell func-
tions as a spermatangial mother cell and
directly cuts out four to six spermatangia
toward the both surfaces by oblique wall.
While in f. lgprieurii, the cortical cell some-
times cuts out two to seven spermatangial
mother cells which produce four or more sper-
matangia.

Yoshizaki et al. (1986) reported the occur-
rence of gametophytes of Caloglossa
ogasawaraensis in Chiba Pref. Mature male
plants occurred in June and October, but
they account for only 1% among the whole
samples, and female and cystocarpic plants oc-
curred in October and account for 0.5%, and
among the rest materials sterile plants are
309%, tetrasporophytes are 68%. On the
other hand, female and male gametophytes
could be abundantly obtained in culturing
tetraspores from the field materials collected
in Wakayama and Chiba Prefectures. In cul-
tural materials, most parts of male blades
were transformed into spermatangial sori.
Soon after the release of matured spermatia,
the blades disintegrated. The rare occur-
rence of the fertile male plants in nature is
caused by their caducous blades.
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The palmariacean life history was demonstrated in laboratory culture of the marine red alga Halosaccion

yendoi 1. K. Lee, collected from Akkeshi and Muroran, Hokkaido.

Attempts of intergeneric cross with

Palmaria sp. from Muroran in the laboratory were made. The field-collected tetraspores of H. yendoi grew in-
to macroscopic male gametophytes and microscopic female discs at a ratio of 1 : 1. After fertilization with
field-collected spermatia of H. yendoi, the erect thallus of the diploid sporophyte developed from the car-
pogonium. The male gametophytes and sporophytes reached maturity in 5 months. Cytoplasmic fusion
of spermatia with trichogynes in the intergeneric spermatium inoculation between H. yendoi and P. sp.
resulted in nuclear fusion between the male nucleus from the fused spermatium and the carpogonial nucleus
but no further development of the zygote was observed.

Key Index Words: gamete fusion—Halosaccion—heterologous zygote—intergeneric cross—life history—
nuclear fusion—Palmaria— Palmariaceae—reproductive isolation—Rhodophyta.

The palmariacean algae exhibit a unique
life history in which haploid tetraspores de-
veloped into macroscopic male gametophytes
and into microscopic female gametophytes.
Fertilization in these algae was observed
between spermatia liberated from the male
thalli and sessile carpogonia formed on the
microscopic female germlings (van der Meer
and Todd 1980, van der Meer 1981). There-
fore, these algae can provide an excellent ex-
perimental system for studying the fertiliza-
tion of red algae because it is easy to obtain a
sufficient number of synchronously matured
female gametes. Along the Japanese coast,
the palmariacean life history has been so far
reported only in Palmaria sp. (Deshmukhe and
Tatewaki 1990 as P. palmata).

Among red algae, cross fertilization be-
tween different taxa or populations has been
estimated by the degree of the development of
carposporophyte after incubating female and
male gametophytes in a common vessel under
laboratory conditions. However, no study

exists on the attachment, cytoplasmic and
nuclear fusions in fertilization between heter-
ologous gametes of red algae. Only one ex-
ception was the laboratory experiments on
the attachment of spermatia to trichogynes
between Aglaothamnion neglectum and other
species of related genera (Magruder 1984).

Here, we have reported on the second
Japanese species, Halosaccion yendoi 1. K. Lee,
which shows the palmariacean life history
and, using this species and P. sp., we exam-
ined the attachment and fusion of gametes,
and the fusion of nuclei in the fertilization
between different genera.

Materials and Methods

Mature sporophytes and male gameto-
phytes of H. yendoi were collected from inter-
tidal zone at Aikappu, Akkeshi, Hokkaido on
March 23-25, 1991, cast ashore at Tok-
karisho, Muroran, on May 31, 1992, and P.
sp. from Charatsunai, Muroran. They were
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immediately transferred to the laboratory and
kept thereafter under at a temperature of
10£2°C.

Tetraspores were harvested by agitating a
small piece (ca. 2cmX2cm) of a fertile
sporophytic thallus in 5 m/ of filtrated sea-
water using a rotary shaker. After removal
of thallus, the released spores were pelleted
by hand centrifuge and suspended in 5 m/
ASP,)NTA (Provasoli 1963). This suspen-
sion was dispensed in 25 p/ aliquots, each
containing about 200 spores, on individual
coverslips and incubated in a humid atmo-
sphere 10+=2°C under 45+5 ¢E-m~2%.5s7!, con-
tinuous light provided with cool-white fluo-
rescent lamps.

After 5-8 days from spore inoculation, ger-
mlings was inoculated with spermatia by
agitating in a 500 p/ spermatial suspension
for 10 min. The spermatial suspension was
prepared by agitating a wiped small piece of
fertile male gametophytic thallus in 5 m!/ of
ASP;;NTA forup to 1 hr. After spermatium
inoculation, coverslips were then washed in
ASP;)NTA briefly and soaked in PES
(Provasoli 1966) and incubated under cool-
white fluorescent lamps at 35%5 yE-m~2.
s™!, and a 14:10 light: dark photoperiod.
The medium was changed once in every 2-4
weeks.

Intra- and interspecific spermatium inocula-
tion between H. yendoi from Akkeshi and P.
sp. from Muroran was carried out by agitat-
ing a coverslip with 5-day-old tetraspore ger-
mlings in 500 g/ of spermatial suspension for
15min. Coverslips were then washed by
pipetting 10 times with ca. 3 m/ of medium to
remove loosely entangled spermatia. Begin-
ning at the onset of spermatium inoculation,
specimens after 180 min were fixed in 1%
glutaraldehyde in seawater and stained with
0.5 #g-ml/~! 4',6-diamidino-2-phenylindole
(DAPI, Sigma) in seawater for observation of
the spermatial nuclear state. Photographs
were made with Kodak Tri-X film. A com-
parative experiment was conducted with
coverslips of tetraspore germlings derived
from a single tetraspore suspension and ali-
quots of a single spermatium suspension were

simultaneously inoculated.

Specimens for DNA microspectrofluoro-
metry were prepared almost completely accord-
ing to Goff and Coleman (1984) and
Deshmukhe and Tatewaki (1993). Samples
were fixed in Carnoy’s fixative (3 : 1 mixture
of 99.5% ethanol and glacial acetic acid) for
more than 1 hr at 4°C, washed in running tap
water for 1 hr, soaked in 50% (w/v) aqueous
chloralhydrate for more than 2hr, and
squashed on uncoated coverslips and glass
slides. Squashed samples attached to cover-
slips and glass slides were then dehydrated
through alcohol series from 70 to 100%
ethanol and air-dried. Dehydrated speci-
mens were rehydrated in 200 mM KCI for 5-
10 min and stained with 0.5 yg/m!/ DAPI in
Mcllvaine’s citrate buffer (pH 4.1).

The DNA fluorescence of nuclei was mea-
sured by Olympus OSP-1 system equipped
with a MF450W band pass filter in addition
to the filter combination used in fluorescence
microscopy. An excited nucleus was quickly
positioned inside the No. 5 pinhole (15 #m in
diameter through a 100 X objective lens) and
the emission from the nucleus was mea-
sured. Non-nuclear areas of 15 cells of a simi-
lar type were measured as the background
and the average intensity was subtracted from
each nuclear fluorescence.

Results

Life history of H. yendoi in laboratory.

Field-collected tetrasporophytes formed the
palmariacean tetrasporangia in the cortex
with a distinct stalk cell (Fig. 1). Tetraspores
liberated from these sporophytes were about
12-14 pm in diameter (Fig. 2) and began to di-
vide 1-2 days after being attached to the cover-
slips. The first division occurred uniformly
in the attached spores. However, their subse-
quent development were different between
the two groups of germlings segregated at a
ratio about 1: 1 (Fig. 3).

One was the female germling that formed a
trichogyne from a carpogonium, one of the
derivative cells of the first division (Fig. 4).
Another derivative cell continued to be divid-
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Fig: 1.

Cross section of field-collected sporophyte of Halosaccion yendoi showing a tetrasporangium formed in

the cortex. Arrow indicates the stalk cell. Scale=10 pm.
Fig. 2. Tetraspore liberated from the field-collected sporophyte. Scale=10 /zm.
Figs. 3-5. Tetraspore germlings in a 4-day-old culture. Fig. 3.

Female and male germlings. Scale=

50 pm. Fig. 4. Female germling. Arrow indicates a trichogyne formed on a carpogonium. Scale=10 yzm.

Fig. 5. Male germlings. Scale=10 pm.

Fig. 6. Female germlings with branched trichogyne in a 6-day-old culture. Scale=10 pm.
Fig. 7. Male germlings in a 6-day-old culture. Scale=10 zm.

Fig. 8. Mature male gametophyte in a 5-month-old culture. Scale=10 mm.

Fig. 9. Spermatia liberated from the cultured male gametophyte. Scale=10 #m.

ed. Trichogynes of the female germlings
often became branched after a long incuba-
tion (Fig. 6) and some carpogonia formed two
trichogynes.

Another group was the male germling that
developed into a disc due to the constant divi-
sion forming no trichogyne (Fig. 5). After 5
days following spore inoculation, most ger-
mlings of both types developed into multicellu-
lar thalli having 2-5 prostrate projections
(Figs. 6, 7).

The male germling developed erect, oblong
thallus from a small prostrate disc. During
the 2-month-culture, the erect fronds became
1-3 mm in length. Fifteen erect fronds on the
coverslips, not inoculated with spermatia,
were picked up for observation of the develop-

ment of male thalli and the other erect fronds
and undeveloped prostrates were discarded.
The erect frond became saccate as they grew,
and all of them became sexually mature in 4
months and began to liberate spermatia (Fig.
9) morphologically similar to those from the
field-collected male gametophytes. During
laboratory culture, the erect, saccate thalli of
male gametophytes were grown to 5-10 mm
in size when they reached to maturity (Fig.
8).

Spermatia from field-collected male gameto-
phytes were spherical, about 5 gm in di-
ameter, and morphologically similar to those
of P. sp. When introduced into 5-8 day-old
germlings of field tetraspores, the spermatia
were easily attached to the trichogynes
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formed on the female germlings (Fig. 10).
During the fertilization processes, spermatial
nuclear division (Fig. 11), cell fusion (Fig.
12), invasion and migration of derivative
male nuclei in the trichogyne (Fig. 13), and
fusion between male nucleus and carpogonial
nucleus were observed (Fig. 14).

Initial development of the zygote was not
detected clearly because it was difficult to dis-
tinguish derivative cells from the zygote and
those from neighbor vegetative cells of the fe-
male gametophytic tissue. However, several
days after spermatium inoculation, large, pig-
mented cells were cut off from basal cell bear-
ing a trichogyne fused with spermatium (Fig.
15), later forming a mass of the cells on the
female germling (Fig. 16). This cell mass was
not formed on unfertilized female discs for
a month (Fig. 17). Several female discs with
a cell mass was left on the coverslips after
removal of all the other germlings by needles,
and the subsequent development of the zygote
was observed.

The cell masses formed on the fertilized fe-
male germlings continued to grow, developed
an erect projection and became hollow as they
grew. They became reproductive about 5
months after spore inoculation and began to
liberate tetraspores from tetrasporangia de-
veloped in their cortex (Fig. 19). The vegeta-

tive and reproductive structures were similar
to those of field sporophytes. The cultured
sporophytic fronds were relatively larger than
those of male gametophytes, 12-18 mm in size
at the time of maturity (Fig. 18). Tetra-
spores liberated from cultured sporophyte ger-
minated in a similar fashion to those from the
field sporophyte. When introduced to these
germlings, the spermatia from the cultured
male gametophytes fused with the trichogynes
of mature female germlings developed from
the tetraspores in culture (Fig. 20).

The outermost cortical cells and their
nuclei of cultured sporophyte were apparently
larger in size than those of cultured male
gametophyte (Figs. 21, 22). It is easy to dis-
tinguish these two types of cells even when
squashed and prepared on the same cover-
slips. Therefore, relative DNA fluorescence
was compared between these cells prepared
together using no control cell for standard
DNA fluorescence. As shown in Figure 24,
measured nuclear DNA fluorescence indi-
cates that the sporophytic outermost cortical
cells in culture has twice the nuclear DNA
quantity of the male gametophytic ones.

Cross fertilization between H. yendoi and P. sp.
Experiments of intra- and interspecific fer-
tilization were conducted several times and

Figs. 10-14. Fertilization of female germlings cultured from field-collected tetraspores with field-collected
spermatia. Scales=10 ym. Fig. 10. Attachment of spermatia to a trichogyne. Fig. 11. Nucleus of an attached
spermatium (arrow) divided into two male nuclei before cytoplasmic fusion with trichogyne. DAPI-stained. a)
Phase contrast. b) Epifluorescence. Fig. 12. Cytoplasmic fusion between a spermatium and trichogyne. Fig. 13.
Invasion and migration of two male nuclei from a spermatium (arrow) into the trichogyne. DAPI-stained. a)

Phase contrast. b) Epifluorescence.

Fig. 14. Fusion between a carpogonial nucleus (arrow) and male nucleus

(arrowhead). DAPI-stained. a) Phase contrast. b) Epifluorescence.

Fig. 15.

Early development of zygote 3 days after spermatium inoculation.

Large, pigmented cells

(arrows) were cut off from the carpogonium. Scale=10 #m.
Fig. 16. Further development of the zygote 10 days after spermatium inoculation. A mass of pigmented

cells was formed on the carpogonium. Scale=10 #m.
Carpogonium not fused with a spermatium 10 days after spermatium inoculation.

Fig. 17.

No further

development of carpogonium (arrow) occurred. Scale=10 ym.
Fig. 18. Mature sporophyte in a 5-month-old culture. Scale=10 mm.

Fig. 19.

Arrows indicate stalk cells. Scale=10 gm.

Cross section of mature sporophyte in culture showing a tetrasporangia formed in the cortex.

Fig. 20. Cytoplasmic fusion between spermatia (arrows) liberated from cultured male gametophyte and
the trichogyne of female germling of tetraspore liberated from cultured sporophyte. Scale=10 #m.

Figs. 21, 22.

microspectrofluorometry. Scale (10 #m) in 21 applies also to 22.

Outermost cortical cells (arrows) of H. yendoi in culture.

Fixed and stained for DNA

Fig. 21. Sporophyte. a) Brightfield. b)

Epifluorescence. Fig. 22. Male gametophyte. a) Brightfield. b) Epifluorescence.

Fig. 23.

Female germling of Palmaria sp. from Muroran inoculated with spermatia of H. yendot from Akkeshi

3 hr after spermatium inoculation. DAPI-stained. a) Brightfield. b) Epifluorescence. A carpogonial nucleus
(arrow) fused with a male nucleus (arrowhead). Scale=5 ym.
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Fig. 24. Fluorescence values of DAPI-stained
nuclei of outermost cortical cells of H. yendoi in
culture. a) Male gametophyte. b) Sporophyte.
The total number of measured nuclei (z), mean
value (X) and standard deviation (SD) are a) n=110,
¥=174.6, SD=27.9. b) n=110, x=324.4,
SD=42.3.

results of a representative experiment are
shown in Table 1. Data are presented as the
numbers of trichogynes categorized into any

one of the following three states: State 1)
trichogynes to which no spermatium was at-
tached; State 2) trichogynes to which at least
one spermatium was attached but no cytoplas-
mic fusion occurred; and State 3) trichogynes
fused with at least one spermatium. The oc-
currence of cytoplasmic fusion was judged by
the invasion of a male nucleus from fused sper-
matium into trichogyne cytoplasm.

As shown in the table, although the ratios
were invariably lower than those of in-
traspecific fertilization, up to 27% of
trichogynes fused with the spermatia of the
species of different genus. Fusions between
caropogonial and male nuclei were observed
in only a few carpogonia fused with spermatia
even in intraspecific fertilization in H. yendor.
In the experimental specimen of the table,
the nuclei in two carpogonia of P. sp. were
observed to fuse with the male nucleus of
H. yendoi (Fig. 23). On the other hand,
despite the numerous male nuclei invading
into the trichogyne cytoplasm, no fusion was
observed between Palmaria male and
Halosaccion caropogonial nucleus.

Some coverslips inoculated with spermatia
of different species were subsequently incubat-
ed under the same condition used in the life
history study. However, further division of
the carpogonium and formation of the cell
mass from carpogonia fused with spermatia
was not observed after incubating for more
than 2 weeks after spermatium inoculation.

Table 1. Intra- and interspecific spermatium inoculation between H. yendoi from Akkeshi and P. sp. from
Xsl:;)ran. State 1) No spermatium attached; State 2) Spermatium attached, but not fused; State 3) Spermatium
Female Male Total number of Number (%) of trichogynes of

trichogynes State 1 State 2 State 3

Halosaccion Halosaccion 102 30 (29) 11 (11) 61 (60)
108 30 (28) 8(7) 70 (65)

Palmaria Palmaria 108 57 (53) 16 (15) 35 (32)
103 57 (55) 16 (16) 30 (29)

Halosaccion Palmaria 111 87 (78) 8(7) 16 (15)
118 80 (68) 6(5) 32(27)

Palmaria Halosaccion 108 91 (84) 15 (14) 2(2)
106 80 (76) 16 (15) 10( 9)
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Discussion

The present study is a completion of the life
history of H. yendoi in culture for the first
time. H. yendoi exhibited a typical palmaria-
cean life history where the tetraspores devel-
oped into macroscopic male and microscopic
female gametophytes. Almost a similar life
history was reported previously in other two
species of the genus Halosaccion (van der Meer
1981, Mittman and Phinney 1985). The fer-
tilization processes, e.g., spermatial nuclear
division after attachment to the trichogyne, at
random migration of male nuclei in the
trichogyne, and cytoplasmic polyspermy, was
also observed in P. sp. (data not shown).

No obvious development of unfertilized car-
pogonium existed at least for a month.
However, the possibility of the development
of haploid sporophyte from female disc, which
was observed in H. ramentaceum cultivated in
tank for a longer period (van der Meer 1981),
could not be abandoned because different con-
ditions in laboratory culture were adopted.

Using the two species, H. yendo: and P. sp.,
which exhibit the palmariacean life history, it
is possible to carry out a comparative study
on the attachment of spermatium to
trichogyne in the fertilization of red algae be-
tween different taxa. The present results of
the intergeneric spermatium inoculation show
that the gamete attachment between different
taxa was invariably lower than that of the in-
traspecific controls. An electron microscopic
observation on the fertilization of P. sp. has
revealed that covering of spermatium and
trichogyne apparently mediate the attach-
ment of these non-flagellated gametes (Mine
and Tatewaki, unpublished observation).
The difference in the gamete attachment may
be related to the divergence in the biochemi-
cal nature of these covering materials between
the two taxa. Studies on the adhesive nature
of the covering of spermatium and trichogyne
of the palmariacean algae were in progress in
our laboratory.

Both cytoplasmic and nuclear fusion in the
fertilization between species of different
genera were readily observed in the present

study. In contrast to this, no binding was ob-
served between the gametes of Aglaothamnion
neglectum (Ceramiaceae) and other species
of related genera (Magruder 1984). Thus the
stages where the fertilization between differ-
ent genera is blocked are different between
the Palmariaceae and Ceramiaceae. This
difference may be related in part to the ab-
sence of any specialized appendage on sper-
matium in Palmaria and Halosaccion, which
was reported in the species of the Ceramia-
ceae (Magruder 1984, Broadwater et al. 1991)
and binds specifically to trichogynes
(Magruder 1984).

In the natural population in Muroran and
Akkeshi, H. yendoi and P. sp. grow on the com-
mon rocky shore and the male gametophyte
and sporophyte of both species are reproduc-
tive simultaneously for several months.
Therefore, it is probable that, as observed in
laboratory, the cytoplasmic and nuclear fu-
sion between the gametes of the two taxa oc-
curs in the field population. However, since
there was no cell division and cell mass forma-
tion from the carpogonia inoculated with the
spermatia of different taxon in the laboratory,
it is suggested to be impossible that the hybrid
between H. yendoi and P. sp. exists in the
natural population. In fact, no individuals
which are regarded as the hybrid of these two
genera in external morphology and anatomi-
cal feature have been found in the field.

Among the red algae, it is generally recog-
nized that the development of interspecific
hybrids is, if any, abnormal and often results
in a sterile progeny (van der Meer 1988, p.
517). The experimental hybridization be-
tween the northeast and northwest Atlantic
Palmaria palmata yielded intraspecific hybrids
with greatly reduced fertility (van der Meer
1987). The developmental difficiency of het-
erologous zygote of the red algae may be due
to the genomic incompatibility, and this as-
sures the reproductive isolation between H.
yendoi and P. sp. along the Hokkaido coast.

In contrast to the certain frequencies of ga-
mete fusion between H. yendoi and P. sp., not
a single fertilization was detected even in in-
trageneric crosses between Atlantic P. palmata
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and P. mollis (van der Meer and Bird 1985).
Though no crosses with species of different
genera have been attempted in these Atlantic
species, it is likely that fertilization would not
occur with more remote taxa, i.e., species of
the genus Halosaccion. Further investigations
of the inter- or intrageneric fertilization with
species of Palmaria of northeast Pacific or
north Atlantic coast will reveal whether spe-
cies differentiation in Palmaria was accompa-
nied with barriers to heterologous fertilization
at the level of gamete fusion.
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The spermatangial arrangements of Gracilaria eucheumoides Harvey were found to be multicavitied
(Polycavernosa type) for the first time in the completion of the life history in vitro. This species can therefore
be placed in Hydropuntia group of the genus Gracilaria on the basis of its spermatangial type. The life history
showed the possible Polysiphonia type. Cultured fronds were almost terete, differing from compressed axes
of wild fronds, and the cause of the morphological variation was discussed. Extended cells penetrating into
pericarp of cystocarps were confirmed to be present. The nature of monosporangium-like cells, which ap-
pear in carpospore-derived fronds, was discussed, comparing with the observation of other researchers.

Key Index Words:  Gracilaria—Gracilaria encheumoides—/ife history—Hydropuntia—Polycavern-
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Since Harvey (1859) established Gracilaria
eucheumoides on the basis of Japanese materi-
als, many researchers have reported that this
species grows widely in the regions from the
southern part of Japan to southeast Asia,
including the Caroline Islands (Weber van-
Bosse 1928, Trono 1969, Chang and Xia
1976, Yamamoto 1978, Trono et al. 1983,
Meneses and Abbott 1987).

Chang and Xia (1976) described cystocarps
and tetrasporangia on Chinese materials of
this alga, and Trono et al. (1983) reported
only tetrasporangia on Philippine collec-
tions. The features of the reproductive organs
show that this species is a member of genus
Gracilaria. However, the male structures
which form the basis for grouping the species
within the genus were not known. Addition-
ally, although this alga is very abundant in
the Philippines and also common in other
regions, collected specimens that are fertile
are very rare or are unknown in given
regions, for example, in Japan.

* This work was supported by the International Scien-
tific Research Program No. 01041067 of the Ministry of
Education, Science and Culture in Japan.

A single mature cystocarpic frond was
collected in the Philippines, and growth in
culture conditions provided information on
reproductive structures and the life history.

Materials and Methods

A mature cystocarpic frond (Fig. 1) was col-
lected at Matabungkay Beach (Lian, Batan-
gas, the Philippines) in November, 1989. At
the Marine Station in Bolinao, the Marine
Science Institute, the University of the Philip-
pines (Diliman), the several cystocarps were
cut off from the frond and shaken with sterile
sand to remove the epiphytes and the other
surface contaminations (¢f. Yamamoto and
Sasaki 1987). Each of these cystocarps was
placed overnight in Petri dishes with sterile
seawater for spore release. About ten spores
released were transferred to each of 20 m/
glass bottles by a pipette for establishing unial-
gal culture, and these bottles were brought
back to Japan for culture. Sporelings of
2 mm length in about 60 days were detached
from the bottom of 20 m/ glass bottles and
transferred into 500 m/ flasks for free-living
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culture.

Culture conditions were: a temperature
of 28-29°C, ca 75 #E/m?-sec of cool-white
fluorescent lamps, a photoperiod of 14h
(light)-10 h (dark), and aeration (0.3 /min)
only in free-living culture. PES medium
without vitamins was changed about once a
week throughout the culture. Spores from
cultured fronds were incubated under the
same conditions.

Results

Carpospore-derived fronds grew up to a
length of 7 cm to release spores™ in about 19
months after carpospores were transferred to
glass bottles (Fig. 2). Sporophytes® were
almost terete or sometimes slightly com-
pressed, irregularly branched and reddish
brown to purplish red in color. Sporangia ap-
peared on the fronds, undivided, up to 55 #m
high, 20 pgm wide, and brightly reddish.
Each of them is connected with a mother cell
by single pit connection and has single
nucleus in it (Figs. 3, 4). The spores in turn
gave rise to mature spermatangial and cys-
tocarpic fronds of the length of 2-5cm in
about 6 months (Fig. 5). These gameto-
phytes were almost terete and reddish brown
to purplish red in color.

Male structures were formed only in the
middle part of fronds and multicavitied
(Polycavernosa type in Chang and Xia 1963;
Henriquesiana type in Yamamoto 1984),
showing a group of 5-6 conceptacles in the
extention of up to 180 #m deep, up to 100
p#m wide in longitudinal sectional view (Figs.
6, 7).

Cystocarps appeared all over the fronds
except basal and apical portions, up to
1,000 #m high, up to 1,000 #m in diameter
(Fig. 5). Of 20 spore-derived fronds, 4 devel-
oped into cystocarpic fronds and 5 into sper-
matangial, and the other remained sterile

* We can not say at this time whether the released
spores were tetraspores or not because divided sporangia
have never been observed. Accordingly, “spore” or
“sporophyte” are used in place of “tetraspore” or
“tetrasporophyte” respectively in this paper.

even in 5 months after the first cystocarp ap-
peared. The released carpospores developed
normally and completed the life history.

Discussion

Main axes and branches of wild fronds are
almost always compressed and sometimes
almost flat (Fig. 1). However, the fronds
raised in free-living culture are only slightly
compressed or terete (Figs. 2, 5). The wild
fronds have both dorsal and ventral sides be-
cause of their prostrate habit. In free-living
culture, on the other hand, the fronds do not
have such a fixed dorso-ventral orientation.
Accordingly, the condition in which they
grow appears to cause this morphological vari-
ation. Branching mode of wild fronds is alter-
nate or pinnate. However, that of the raised
fronds is irregular in all directions. This ir-
regularity also appears to be induced by the
lack of fixed sides.

Both sporophytes and gametophytes ma-
tured into much smaller frond size than wild
fronds, which are usually 10 cm or more.
Generally, reproductive organs tend to be
formed in smaller frond size under the opti-
mum culture conditions. Accordingly, this
difference in the size does not present a taxo-
nomic problem.

It was confirmed that the life history is prob-
ably Polysiphonia type. This fact is not consis-
tent with rare occurrence of gametophytes in
the field. In this experiment, about half of
possible gametophytes kept on remaining
sterile. This result suggests that the life
history may not always be Polysiphonia type
in the field. It is possible that the life history
repeats only sporophyte generations. Accord-
ingly, it is required to ascertain whether or
not reduction division occurres in the forma-
tion of spores.

We can often observe monosporangium-
like cells which are crowded in the cortical lay-
er almost only on ventral side of wild fronds.
Those cells are similar to undivided
tetrasporangia in their appearance. A struc-
ture corresponding to such cells was also
formed on carpospore-derived fronds raised
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Figs. 1-8. Gracilaria eucheumoides from the Philippines. Fig. 1. A cystocarpic frond collected at
Matabungkay, showing prominant cystocarps formed on ventral side of almost flat frond. Fig. 2. A carpospore-
derived frond (sporophyte) raised in vitro, showing almost cylindrical axes and branches. Fig. 3. Surface view of
the frond with monosporangium-like cells, showing crowded formation. Fig. 4. Monosporangium-like cells,
showing a nucleus in each. Fig. 5. Spermatangial and cystocarpic fronds. a: Spermatangial frond raised in
vitro. b and c: Cystocarpic fronds raised in vitro, showing cystocarps (arrowheads) formed all over the fronds.
Fig. 6. Surface view of the male frond with multicavitied spermatangial conceptacles. Fig. 7. Sectional view of
multicavitied spermatangial conceptacles. Fig. 8. Diagram of wild tetrasporangial frond, showing cruciately but
often irregularly divided tetrasporangia. Scale bars=1-2, 5: 2 ¢cm, 3, 6-7: 100 pm, 4, 8: 50 pm.

in culture (Figs. 3, 4). We attempted to  cells, 2) monosporangia and 3) tetrasporangia

make spores release from both wild and  in undivided stage.

raised fronds which have fully grown mono- Trono et al. (1983) described these cells as

sporangium-like cells but failed. gland cells. However, we have doubt on
The nature of the monosporangium-like  their opinion because the cells are formed

cells presents three possibilities: 1) gland  only on carpospore-derived fronds and the
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color is not yellowish as usual in gland cells,
but brightly red. The possibility of
monosporangia seems low because the cells
never discharge as mentioned above.
However, they could be released only under a
particular condition. It seems more possible
to be tetrasporangia in undivided stage which
can divide under certain conditions. Chang
and Xia (1976) and Trono et al. (1983) report-
ed cruciate tetrasporangia on wild fronds.
We also found a few tetrasporangia (Fig. 8)
together with monosporangium-like cells on
wild fronds from the Philippines. Some
sporelings appeared on the bottom of the flask
during culture. They probably came from
the tetrasporangia, although we could not
find them.

At this time, we do not have any decisive
evidence that tetrasporangia are derived from
monosporangium-like cells and it is not clear
what kinds of spores the new sporelings in cul-
ture came from. This problem is important
for making clear the nature of this species and
these three possibilities on the peculiar “cells”
are needed to be solved.

Spermatangia are formed in multicavitied
conceptacles.  Although the conceptacles
sometimes assume Verrucosa type, they must
be in initial developmental stage because they
are very small in size compared with multicav-
itied conceptacles. The single-cavitied con-
ceptacles seem to develop finally into multicav-
itied ones (Polycavernosa type). Typical Ver-
rucosa type never develops into Polycavernosa
type. Consequently, the spermatangial type
of G. eucheumoides was concluded to be not a
mixture of Verrucosa type and Polycavernosa
type but just the latter judging from the final
form.

Cystocarps raised in culture are much
smaller compared with those of the parent or
of ones described by Chang and Xia (1976)
but this small dimension seems only to de-
pend on the small frond size. They were able
to release normal carpospores. Cell exten-
sions exist both in upper and lower parts of a
cystocarp as the figure of Chang and Xia
(1976) shows, and some of them penetrate
into the basal tissue. Generally, the location

of these cells is reported to be associated with
the spermatangial type: Polycavernosa type of
spermatangia corresponds to a cystocarp with
extended cells in the basal part. This relation-
ship is not recognized in G. eucheumoides.

The previous taxonomic position of this spe-
cies in genus Gracilaria (including Hydropuntia,
¢f. Wynne 1989 and Gracilariopsis) was un-
determined in the absence of information of
the spermatangia. However, our culture ex-
periments show that this taxon should be
placed in Hydropuntia group on the basis of the
spermatangial type.

Recently some authors proposed that
Gracilaria species should be regrouped main-
ly on the basis of the spermatangial types and
of the features of cystocarps: separation of ge-
nus Gracilariopsis from genus Gracilaria on the
basis of superficial spermatangia—Chorda
type (Fredericq and Hommersand 1989) and
the merging of genus Hydropuntia (Polycavern-
osa) into genus Gracilaria on the basis of the
coexistence of two spermatangial types: Poly-
cavernosa type and Verrucosa type (Abbott et
al. 1991). These authors also stated that sub-
genera Textoriella and Gracilaria (¢f. Yamamoto
1975) might not be separatable because
both spermatangial types (7Zextorii type and
Verrucosa type) coexist on the same frond of
G. blodgettii. However, the Verrucosa type
which appears together with Polycavernosa type
is almost restricted around branch tips
(Abbott et al. 1991). As we observed on G.
eucheumoides, it seems reasonable that
Verrucosa type which is recognized in Poly-
cavernosa type species is only on a develo-
pmental process to final stage (¢f. Abbott
et al. 1991, p. 20).

In spite of exceptional or indistinguishable
cases in G. blodgettii and in G. mixta, sper-
matangial type is still a helpful criterion for
grouping the species of Gracilaria because
almost all the species have distinctive sper-
matangial types. G. blodgettii appears to be a
species bridging two groups in the progress.

The relationship among genera (or groups)
Gracilariopsis,  Gracilaria and  Hydropuntia
(Polycavernosa) is important for systematics.
Bird et al. (1992) studied the phylogenetic
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relationships in the Gracilariales on the basis
of DNA sequences, and suggested that
Hydropuntia is a subgenus of Gracilaria.
Their experiments could offer a new criterion
for the systematics of Gracilaria. However,
more detailed information on the developmen-
tal process of male and female organs of vari-
ous species is required. Accordingly, at the
present time, we place G. eucheumoides as a
member of genus Gracilaria.
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Yabu, H., Yotsukura, N. and Sasaki, T. 1991. Male and female gametophytes of Dictyopteris divaricata
(Okam.) Okamura (Phaeophyceae) developed from the cultured tetraspores. Jpn. J. Phycol. 41: 137-141.

Tetraspores of Dictyopteris divaricata (Okam.) Okamura (Dictyotales, Phaecophyceae) were cultured in
the modified Grund’s medium and the filtered seawater with 0.01% SLP (Squid Liver Protein Powder)
extract at 10°C and 20°C under 2000 lux light intensity. They grew well into minute leafy plantlets after
about one month culture in the modified Grund’s medium at 20°C. Some of them bore male and
female reproductive organs. The leafy plantlets developed from tetraspore germlings under the other
culture conditions did not grew well, and did not mature. The female gametophytes liberated oospores,
while sperms were not seen to be liberated from male plantlets, suggesting the necessity to grow both male
and female gametophytes in nature.

Key Index Words:  culture—Dictyopteris divaricata— Dictyotales—gametophyte—tetraspore germination.
Hiroshi Yabu, Norishige Yotsukura and Tsuyoshi Sasaki, Faculty of Fisheries, Hokkaido University, Hakodate

Hokkaido, 041 Japan
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Figs. 1-8.

culture). Fig. 7.

- r;l«‘-’ L b ‘“‘lﬁ )

Liberated tetraspores and their germlings of Dictyopteris divaricata (Okam.) Okamura in culture
with modified Grund’s medium at 20°C (Figs. 1-6, 8) and, with filtered seawater containing 0.01% SLP extract
at 20°C (Fig. 7). Bar=0.2 mm.
Fig. 1. Liberated tetraspores (1-day culture). Fig. 2. Tetraspore germling (2-day culture). Fig. 3. Tetraspore
germling (3-day culture). Fig. 4. Tetraspore germling (4-day culture). Figs. 5, 6. Tetraspore germlings (10-day

Tetraspore germling (10-day culture), producing rhizoidal filaments from the basal part of

frond. Fig. 8. Side view of frond from the rhizoidal filaments attached to a slide-glass (10-day culture).

BT O AR Bt (Figs. 11, 12), IpflaF
(L 50~100 #m T, PUSTHET (80~140 pm) & H /&
<, BEBE LT, IPo—KHIc R 30 pm DI
wak U, ThiMEEe, %% - THEfME X
DI HEABRRTUEE Lz, = OB < o FAIE 5 E
DS E LTyt (Fig. 13),

B BHRARI40 B B3 3 BTl d 5 23R E D

— AP BEERHO, BRCHHEL, SRy
JURL L7z (Figs. 14, 15); L2vL, ThbouwTFhofk
DR b T, BTORBLRBDLRT, Th
B OHERELL O F FRFE LIz,

T OO FIMOFERAEILMAEER 3.5 mm OKE X F
TS Ly, EEERHH950 ISk TR IE Ligo
foo T O, $920% QYR TIL T DA T O
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Male and female gametophytes of Dictyopteris divaricata
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Figs. 9-17.
modified Grund’s medium at 20°C. Bar=0.2 mm in Fig. 9 (Figs. 11,
(Figs. 13, 15, 17).
Figs. 9, 10. Parts of female gametophytes bearing unilocular reproductive organs (30-day culture). Fig. 11. A part

of developed female gametophyte (37-day culture).
unilocular oosporangia (double arrowheads) are seen.

9"'"

Further development stages of cultured Dictyopteris divaricata (Okam.) Okamura in culture with

12, 14, 16.), and 0.1mm in Fig. 10

Oospore liberation (indicated by a single arrowhead) and
Fig. 12. Liberated oospores from the female gametophyte
(38-day culture). Fig. 13. Germinated oospores (40-day culture).

Figs. 14, 15. A part of male gametophyte with

initiatives of antheridia, which are indicated by dotted lines in Fig. 15 (40-day culture). Fig. 16. Immature thallus

(30-day culture).
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Fig. 17. Upper part of the thallus bearing three hairy filaments (47-day culture).
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Sung Min Boo: Intermediately corticated species, Ceramium puberulum

(Ceramiaceae, Rhodophyta)

Key Index Words:  Ceramiaceae—Ceramium puberulum—Mesoceramium— Rhodophyta— Taxonomy.
Sung Min Boo, Department of Biology, Chungnam National University, Dagjon 305-764, Korea

Ceramium Roth is a well-known genus of
morphological variability and taxonomic in-
stability in the Rhodophyta. The species
occur on most coasts of the world and about
190 species have been credited in the world
(Boo and Lee 1993). The taxonomy has been
based on vegetative features and tetraspor-
angial disposition (J. Agardh 1894, Dixon
1960), which have been used in subgeneric
grouping as well as description of new taxa.
As some diagnostic features were, however,
shown to be inconsistent in a species or to be
inadequate for a synthetic character, the sub-
generic groups proposed by J. Agardh (1894)
as well as in the modified scheme (De Toni
1903) have been accepted to be untenable
(Hommersand 1963, Womersley 1978).
Nakamura (1950) regarded Ceramium as a
polymorphic genus and separated it into three
subgenera; Hormoceras with partial cortica-
tion, Mesoceramium with intermediate cortica-
tion and Euceramium with full cortication. He
gave no satisfactory explanations on Mesocer-
amium, that is probably due to the absence of
the members in his material. Although
many studies have been carried out on either
the Hormoceras or the Euceramium species in the
field as well as in culture (see Boo and Lee
1993), there are few reports on the detailed
structure and reproduction of the Mesocera-
mium species.

Ceramium  puberulum  was  originally
described by Sonder (1845) from Western
Australia. It occurs from Dongarra, West
Australia, to Wilson’s Promontory, Victoria
and northern Tasmania (Womersley 1978,
p- 217). The plants are usually epiphytic on
seagrasses, Posidonia and Amphibolis species.
The species is characterized by the intermedi-
ate cortication in main axis and primary to

secondary spines on the whole plant. In addi-
tion to the description by Womersley (1978),
the present paper gives further observations
on the structure and reproduction of C. puberu-
lum and discusses the taxonomic significance.
During July 1987, material for observation
was collected on Aldinga beach, South Austra-
lia. Some 81 specimens, all of which were
epiphytic on Posidonia sinuosa Cambridge et
Kuo, were collected, comprising 45 cystocarp-
bearing female, 16 male, 9 tetrasporic and
11 sterile plants (Boo, July 1987: Herbarium
of the Department of Biology, Chungnam
National University, Daejon, 001027). For
microscopic examination, materials were
stained with 0.5% aniline blue and acidified
with about 1% hydrochloric acid. Herbari-
um specimens were also available: the
Agardh herbarium, LD; the Thuret herbari-
um, PC; AD. Herbarium abbreviations are
according to Holmgren et al. (1990).
Observations: Plants (Fig. 1A) are 5-
10 cm long and light to dark red in color.
They are attached by rhizoids to Posidonia and
are erect and much branched. Rhizoids are
produced from periaxial, inner and outer
cortical cells. They aggregate and form a
compact discoid holdfast. Plants are pseu-
dodichotomously branched and 25 to 30
lateral branches are produced on a main axis.
Main axis consists of axial, periaxial and
cortical cells. Axial cells are produced from
the oblique division of apical cells. The di-
ameter including cortical cells ranges from
162 to 440 ym with a mean of 269+63 ym
and the length from 162 to 580 ym with a
mean of 376+87 ym (n=>55) in the middle
between the 8th and the 11th dichotomy from
apex. Seven to eight periaxial cells are alter-
nately formed from each axial cell (Fig. 4B).
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Fig. 1.
001027). A: habit of a cystocarp-bearing female and a tetrasporic plant (Scale bar 2 cm).

node. C: fully corticated node.
Spermatangial branch (Scale bars 100 /zm).

Cortical cells are produced in basipetal and
acropetal directions from the periaxial cells
(Fig. 2A-D).
well developed from periaxial cells in the
lower axis, and are elongate, slender and
branched dichotomously. Cortical cells enve-
lope only the nodes in upper branches while
inner and outer cortical cells entirely cover
the lower whole axis (Fig. 1B-C). The ratio
of the length of the cortical band to the length
of the axial cell, which is taken from the
middle node in each dichotomy, shows that the
axes from apex to the thirteenth or fourteenth

Inner cortical filaments are

D: Tetrasporangial branch.

VP ’

Ceramium puberulum (Herbarium of the Department of Biology, Chungnam National University,

B: Partly corticated
E: Cystocarp and involucral branches. F:

dichotomy are incompletely corticated while
completely corticated below it (Fig. 3).

Spines are produced from periaxial cells in
upper branches (Fig. 4A). They are one to
several in a node and up to five-celled. In the
lower axis, small spines are produced from
cortical cells and are one- to two-celled.

Branches are formed at irregular intervals
of 3-5 nodes. Branching pattern is pseu-
dodichotomous to alternate. Adventitious
branches are frequently produced from periax-
ial cells. They are short and occur at very
irregular intervals.
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Fig. 2.

Ceramium puberulum. A-D: Development of cortical cells from a periaxial cell (Scale bars 50 gm).
E: Formation of three tetrasporangia from a tetrasporangial mother cell (Scale bar 50 #m).

F: Spermatangial

formation (Scale bar 80 #m) (P: periaxial cell, S: spermatangium, SPC: spermatangial parent cell, T:

tetrasporangium)

Tetrasporangia are usually produced from
the middle to upper region of main branches,
but rarely occur on the lower fully corticated
axis. They are at first single but later several
per node, and are normally in unilateral and
abaxial rows (Fig. 1D). The first-formed
periaxial cell produces several cortical cells
and becomes a tetrasporangial mother cell.
One to three tetrasporangia are formed from
a single periaxial cell (Fig. 2E) and form a
rounded tetrasporangial group. All tetraspo-
rangia are entirely enveloped by small cor-
tical cells and become prominent on nodes,
with no naked regions between the nodes.
The tetrasporangia measure 9511 gm X
82%7 pm (n=33) including sheath and 71%
13 prm X62£9 ym excluding sheath. The
division is tetrahedral.

Carpogonial branches are usually produced
in the abaxial side of the upper region of main
branches (Fig. 4A). A vegetative cell group
is at first produced from the first-formed
periaxial cells (Fig. 4B) and consists of two to

several cells. It stops growth after fertiliza-
tion and remains attached even until the

formation of gonimolobes. Carpogonium
1.21 T

3 1.0
.0r p

T

2 <
0.8}

=

o

‘6 0.6f 1

L2

T 0.4l L

s 0.4

8]
0.2 | A 1 1 A 1 A

2 4 6 8 10 12 14

Number of Dichotomy

Fig. 3. Cortication index in the middle node
of each dichotomy in plants (n=21) with about
twenty-seven dichotomous branches (mean=+SD).
Below the 14th dichotomy, main axes are completely
corticated.
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Fig. 4. Ceramium puberulum. A: Young branch with a carpogonial branch (Scale bar 50 #zm). B: Cross
section of cortical node with a carpogonial branch. C: A spermatium attached on trichogyne. D: A connecting
cell cut off from carpogonium. E: Formation of a foot cell and a gonimoblast initial. F: The first division of a
gonimoblast initial (Scale bars 60 #m). (A: auxiliary cell, AX: axial cell, CB: carpogonial branch, CC: connec-
ting cell, F: foot cell, GI: gonimoblast initial, P: periaxial cell, S: spermatium, SU: supporting cell, TR:

trichogyne)

always originates from the same first-formed
periaxial cells and carpogonial branch is four-
celled with a long slender trichogyne (Fig.
4B). When a spermatium is attached on the
thichogyne apex and fertilization is complet-
ed, the supporting cell produces an upper aux-
iliary cell (Fig. 4C). The carpogonium syn-
chronously produces a small connecting cell
toward the auxiliary cell (Fig. 4D) and this
connecting cell fuses with the auxiliary cell.
The auxiliary cell divides into an upper
gonimoblast initial and a lower foot cell (Fig.
4E). In later stages, axial cell fuses with the
supporting and the foot cell and the fusion cell
mechanically supports gonimoblasts. The
gonimoblast initial (Fig. 4F) produces two
to three gonimolobe initials which divide
to become gonimolobes of a spherical car-
posporophyte (Fig. 1E), measuring 250+42
pm X 232+44 ym (n=37). They are surround-

ed by (5)-6~(7) involucral branchlets, which
are produced from the periaxial cells below
the axial cell bearing gonimolobes.

Spermatangia are produced from the mid-
dle to the upper region of main branches,
which are partly corticated at the nodes, while
absent on the growing apex or on the fully
corticated lower axis. They initially occur on
the adaxial side of branches and later cover
the whole cortical nodes, forming dense patch-
es (Fig. 1F). All cortical cells at upper bran-
ches can lose plastids and become spermatan-
gial parent cells. Each spermatangial parent
cell produces one to two spermatangia as cla-
vate protrusions (Fig. 2F). Spermatangia are
colorless, elliptical to spherical and measure
2-4 pm X 3-6 pm.

Discussion: Rhizoidal morphology has
been known as a diagnostic character for
separating Ceramium from the related genus,
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Campylaephora.  According to Nakamura
(1950, 1954, 1965), filamentous rhizoids
occur in the former genus while discoid ones
occur in the latter genus. Ceramium puberulum
has a compact discoid holdfast, that may imp-
ly the relationship to Campylaephora species.
It is probable that the discoid holdfast is deve-
loped as a result of an epiphytism on seagrass-
es and other hard plants, that requires reap-
praisal on the diagnosis of Campylaephora.

The pattern of cortical development is one
of the most important characters in the genus
Ceramium and the taxonomic importance has
fully been discussed by Dixon (1960) and
Womersley (1978), with detailed observations
on many species. Recent culture studies,
however, have shown the plasticity in cortica-
tion degree in different culture conditions
(Cormaci and Motta 1987, Garbary et al.
1978). C. puberulum typically shows partial
cortication on upper branches while elongate
and slender inner cortical cells are well deve-
loped on lower axis and, with small and
round cortical cells, entirely cover it. The
cortication index also implies that the cortica-
tion is gradually developed from the upper
portion to the lower portion of thallus, as seen
in Figure 2. Many specimens are deposited
in the Agardh herbarium (LD 20728-85),
LD, the Thuret herbarium (numbers not
given), PC and AD (A43888 and others),
from within the geographic range from
Western Australia to Tasmania. The her-
barium material shows the same habit and cor-
tical morphology as the plants from Aldinga
beach. The intermediate form of cortication
is considered to be a consistent and good
character for C. puberulum, but culture studies
would be valuable.

There are two types of spines in the genus
Ceramium; the primary spines from periaxial
cells and the adventitious ones from cortical
cells (Dixon 1960). Although only one type
of spines occurs in most species, primary
spines in C. puberulum are three- to five-celled
on young branches while the adventitious
ones are one-celled on older axes. In this
point, it is related to C. flabelligerum J.
Agardh, but the latter species is distinguished

by being fully corticated.

Tetrasporangial division and disposition
should be assessed with caution for the diag-
nostic value and taxonomic utility in Ceram:-
um species. Tetrasporangia of C. puberulum
divide tetrahedrally and are unilaterally ar-
ranged. Tetrasporangia in Ceramium show a
consistent form of division (Hommersand
1963, Boo 1985), but often divide tetrahedral-
ly to cruciately in a single species (Rosenvinge
1924, Dixon 1960, Womersley 1978). Fur-
thermore, in two Australian species, opposite
to unilateral tetrasporangia are found in the
different portions of main branches (Womer-
sley 1978).

As is seen in Figure 2C, two to three
tetrasporangia in C. puberulum originate at a
same time from a single periaxial cell (Fig.
2C) and form a rounded tetrasporangial
group. This is the same with the figure (as
Celeceras monilis Kitzing) of Kiitzing (1862,
pl. 95b, d), according to Womersley (1978),
which must have been mis-interpreted as galls
by Dixon (1960, p. 347). Since the previous
reports on the genus show that a single
tetrasporangium originates from a single
periaxial or a cortical cell (Dixon 1960, Hom-
mersand 1963), the taxonomic value of
tetrasporangial formation in C. puberulum
needs further comparative studies with other
taxa.

The sexual reproductive organs agree well
with the previous descriptions on other Cerami-
um species (Miranda 1929, Hommersand
1963, Itono 1977, Gillis and Coppejans 1982,
Boo and Lee 1985). Although two carpogoni-
al branches are reported to occur on a basal
cell (Janczewski 1876, Rosenvinge 1924,
Dammann 1930, Dixon 1960), a single car-
pogonial branch is found on a basal cell in C.
puberulum, as is the case of most species of
the genus. The fertilized carpogonium is con-
nected with the auxiliary cell by a small con-
necting cell; this agrees well with C. flabellsge-
rum (Miranda 1929) but not with American
species which have connecting filaments
(Hommersand 1963). There is also a report
that supporting cell functions directly as the
auxiliary cell (Nakamura 1954). The sper-
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matangial features show no differences with
those of other Ceramium species (e.g. Hommer-
sand 1963).

As indicated in the introduction,
Nakamura (1950) established the subgenus
Mesoceramium, which was typified with Cer-
amium fruticulosum Kitzing. He argued that
the primitive cortication type in Hormoceras [as
in C. codii (Richards) G. Mazoyer] progressed
through an intermediate type in Mesoceramium
to the ultimate development in Euceramium,
that seems to give a phylogenetic relationship
to the cortication degree. The subgenera
were adopted in his later publications
(Nakamura 1954, 1965) and by Itono (1981),
but Hormoceras and Euceramium were already
not recognised by Womersley (1978). There
have, however, been no comments on the
included taxa and circumscription of Meso-
ceramium.

Ceramium fruticulosum, which occurs on the
European coast, is distinguished by the inter-
mediate cortication, the absence of spines and
two carpogonial branches on a single support-
ing cell (Rosenvinge 1924, Boo unpubl-
ished). There are no detailed studies on the
nodal cortication in the field, but it depended
on the culture conditions (Garbary et al.
1978). According to Feldmann-Mazoyer
(1940), C. flabelligerum var. mediterraneum
Debray from Europe has the intermediate
cortication and spines, that shows the close
relationship to C. puberulum. Because of in-
sufficient materials of Debray, she didn’t
reach any conclusion. I tried to find
Debray’s herbarium, but without success.
C. puberulum also belongs to Mesoceramium on
the basis of intermediate cortication, but
other vegetative and reproductive features
accord with the general description of Cer-
amium. Except for these three taxa, there
are few other species with the intermediate
cortication in the genus. The present infor-
mation on Ceramium is too insufficient to con-
clude which feature is more significant in
evolution and phylogeny. There are also no
discussions on the phyletic relationships in
the Ceramium species. The above facts show
that the establishment of the subgenus Meso-

ceramium, which should be circumscribed
by the cortication degree only, is unreasonable.
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Okuda, K.* and Mizuta, S. 1993. Diversity and evolution of putative cellulose-synthesizing enzyme
complexes in green plants. Jpn. J. Phycol. 41: 151-173.

A current summary of putative cellulose-synthesizing enzyme complexes in green plants is presented,
and particular emphasis on the evolutionary trends of terminal complexes is given.

Cellulose, the most abundant biopolymer on earth, is found widely in various organisms such as land
plants, algae, fungi, protistans, procaryotes and animals. Cellulose is a linear homopolymer composed of
$-1,4-linked D-glucopyranosyl units, and it forms crystalline microfibrils by intrachain- and interchain-
hydrogen bonds and van der Waals interaction of the units. The major cellulose-producing green plants
have cellulose in the form of crystalline microfibrils in their cell wall. Cellulose microfibrils are believed to
be assembled by plasma membrane-bound enzymes. Using freeze-fracture technique, particle aggregates
associated with the terminus of cellulose microfibril impressions on the plasma membrane leaflets (EF and
PF) have been revealed. They are designated terminal complexes (TCs), which are assumed to function
as cellulose-synthesizing enzyme complexes. Four distinct types of TCs have been found in various green
plants. Linear TCs are composed of tightly packed particles forming multiple linear rows, and they are
observed on only EF in chlorococcalean algae such as Oocystis, or on both EF and PF in siphonocladalean
algae such as Valonia. Rosette/globule TCs have two components complementary to one another in the
plasma membrane, a rosette consisting of six particles on PF and a globule on EF. Rosette/globule TCs
occur not only in zygnematalean and charalean algae such as Micrasterias and Nitella, but also in all land
plants so far examined. The other TC type is found in Coleochaete scutata, composed of octagonally arranged
particles on PF complementary to a cluster of many closely packed particles on EF. Based on the number
of glucan chains calculated from the size of cellulose microfibrils, the particle subunits of TCs are assumed
to contain 6-10 cellulose synthases, each of which polymerizes one glucan chain. The size of cellulose
microfibrils in C. scutata (5.5 X 3.1 nm) is slightly broader than elementary fibrils (3.5 X 3.5 nm) assembled
by solitary rosette/globule TCs. The elementary fibrils are much smaller than cellulose microfibrils
assembled by linear TCs (20 X 17 nm in Valonia), but hexagonal arrays or linear rows of rosette/globule TCs
are organized so that broad microfibrils may be formed by lateral association of the elementary fibrils in
some zygnematalean algae. Cellulose Ia allomorph occurs in the cellulose microfibrils assembled by linear
TCs, whereas cellulose I8 allomorph occurs in the elementary fibrils. Green plants are divided into five
groups according to TC types, the location of linear TCs in the plasma membrane and the presence or
absence of the packed arrays of rosette/globule TCs: chlorococcalean algae; siphonocladalean
(cladophoralean) algae; Coleochaete scutata; zygnematalean algae except for Mougeotia; Mougeotia, charalean
algae and land plants.

Based on the hypothesis that the origin of cellulose synthase is the same among green plants, the
evolutionary trends of TCs to assemble distinct cellulose microfibrils are postulated: The initial stage of TC
evolution may have been the aggregation of 6-10 cellulose synthases to form a TC subunit. In the second
stage, components that linked TC subunits to organize TCs were acquired, and there were two distinctive
modes to arrange TC subunits. One led to a linear row of the TC subunits, which crystallized cellulose Ia
allomorph and deposited thin, ribbon-like microfibrils. The other led to a rosette consisting of six TC
subunits, which crystallized cellulose I8 allomorph and deposited elementary fibrils. The third stage was
the acquisition of factors to be involved in the specific arrangement and consolidation of TCs. Some of the
single linear row of the TC subunits were arranged in parallel to organize linear TCs consisting of multiple
rows of the TC subunits, which assembled thick cellulose microfibrils. The organization of the packed
arrays of the rosettes was responsible for the formation of broad cellulose microfibrils. The TCs of Coleo-

* Correspondence.
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chaete scutata were derived from the rosettes.

Finally, advanced TCs acquired elements to connect with

cortical cytoskeletons, and they were involved in mechanisms that controlled cell growth and differentiation.
Cellulose synthase might be one of the most ancient molecules that primitive living organisms had

acquired, since some extant procaryotes such as Acetobacter synthesize cellulose.

There is the concept of

multiple origins of cellulose synthase, where the genes involved in cellulose biogenesis in eucaryotic cells
had been brought by symbiotic captures from different ancestral procaryotes independently.

cellul Hulose bi
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enzyme compl luti

genesis—cellulose microfibril—putative cellulose-synthesizing
p -freeze fracture—green plants—terminal complexes.
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Fig. 1.
plane. Hydrogen bonds are shown by dashed lines.

Structure of native cellulose showing hydrogen-bonding network in the sheet parallel to the (002)
Ribbon-like, -1,4-linked glucan chains are arranged in

sheets, stabilized by hydrogen bonds in two directions: the OH-3"--O-5 and OH-2-*OH-6’ intrachain hydrogen
bonds along the chain, and the intermolecular OH-6---OH-3 hydrogen bonds, approximately perpendicular to the

chain axis. (Modified after Franz and Blaschek 1990.)
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0.54 nm

&L 4
0.59 nmI I

3,

PM

Fig. 2.

Schematic drawing of the cross-section of a native crystalline cellulose microfibril.

- - (101)

Each rectangle

showing the cross-section of ribbon-like glucan chains. Crystalline lattice planes (101, 101 and 002) are presented,
plane distances being 0.59 nm between (101)-planes, 0.54 nm between (101)-planes and 0.39 nm between (002)-

planes (not shown). PM, plasma membrane.
interplanar d-spacings in Franz and Blaschek 1990.)
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Fig. 3. Aninner-surface replica of a cell wall in a siphonocladalean alga, Chamaedoris orientalis. Two layers of
cellulose microfibrils are visible, other layers being present deeper in the wall. Each layer provides strength in the

direction parallel to the microfibrils.
microfibrils. Arrow, the longitudinal axis of a cell.
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Other wall components have been dissolved away to reveal the cellulose
(Micrograph by K. Okuda and S. Mizuta, unpublished.)
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Fig. 4.

.?

A fracture plane through the cell wall of an autospore in Eremosphaera viridis. Successive lamellation

showing six different orientations of cellulose microfibrils (arrows with serial number) in the wall. (Micrograph

by K. Okuda and R. M. Brown, Jr., unpublished.)
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SEEAE IR G &, BEoRBINIED b, BEGOE
HEBZOMETEE IS, Bl LicX 5 cHn
F—=%BT A LTk T, MR i h OkAHEE
Sh, FARCFEEB Sl S h s (Fig. 7). RPE
Bk, IREEREOBUKE T, B EMELRHIN SR
HEowEM S, PF ¥k EF AT S
(Branton e al. 1975), & O, BifsE&OEEAE L F 0O
LaBlbd, tre - AGHEEREEGHE, TCs 11K
EEOEAETH D, BREEESIN TV TCs OFf
EH B LIS 7odic, PFiAiE EF fOM (V70 7)
RIS 5, 2DLSIE, 7V —R7 57 F 4 —BIC
EoT, il EEC\wb L ELFIERUKED
TCs OWERLHMABET L LnTE D,
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s

Fig. 5. A negative staining of cellulose microfibrils from a Coleochaete scutata cell wall. (Micrograph by

K. Okuda and R. M. Brown, Jr., unpublished.)

3. B O—ZXERMEBREAE (TCs) DS

WHT TCs MFERINI=DIL, HKEDGFSEA A
FAFALBTTH-7: (Brown and Montezinos
1976), A F A F ADRMfaOF T S - HE
BaF (autospores) (X, 7ol bt 4L m — AMilHEY &
W LIX U5, Figure 8 1%, A4 FAF2ADH4EMT
DFER EF @z md.Mb, ZomoBictr e —
A E SO MR AT S, EF HEEficof
LCuwa8kns, BEESOEAETHSA, sl
Bidbr b, BEEROME, MitoEc X - T
b r — AMIHEA B Lo S h T T E oK
h k2 THhHbH, EF ETHE, 4 r— AfEHEE O
LONMEIhBZ LXERTHS, LoLirs
b v — A HEO R T/ L A O h EAY
h OFIEEH L, Mo CEROEHABIE S h D,
—77, HEES R Dh D1 e — ARGERKED &b
S —F DRI Tid, EHEOK IR~ < 7

S TWRDT, 4 r — AREHRHELE ORI THES
5, By, o e — ABEEHEO R mIT 2L v — A Sk
HED B DT &% % St (Schnepf et al. 1966), %
LT, bn— AR RKinE oo it 3 2 Bt
HLTUDMlCERIOER, £ e — AfEED
HFRICHRT 2 EAHOBEGE, 2Fhere -2k
WEHEHGH (x— 312 v 7Ly 7 A, terminal
complexes=TCs) TH5H EFE 2 bhts (Brown and
Montezinos 1976), TCs % #ER3 % {8 ~ D FifI %,
TCs DH7=2=, b5, A FAFAD TCs i3,
7=, P R — AR > TEARRICE
4 H5DT, V=7 TCs LM X5, Brown and
Montezinos (1976) (Z XAUE, 4+ FAFADY =7
TCs (%, B 7nm O 7 ==, + 2AEHHIC 3 51
MCELFIL, SFERBU0BHD Y 7= =, b bicdh,
¥7, AAFAFADTCs Y, FEMEMED EF @iz D
ZBEINDLZ EDVBEBETH B,

I HCET B 4 & < & (Boergesenia), A A 3

B2 =7 (Ventricaria ventricosa), # ¥ T+ v =7, TA%E
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Specimen

Y

Sampling

'

Mounting and freezing

Replication

Thawing

Y

Replica cleaning and mounting

Y

Examination

Fig. 6.

7Y (Boodlea) 75 £ DS BAFET, MRS YMIIhS &
SEE DT+ TR EERTS
Hirose 1972), ThbHD7r 75 R ML, BT
e - AREHEY S LAREY AR TS (Mizuta
and Wada 1981) O C, SKARED TCs i, -5
ZhbD7 e b 75 AP EES THXLRK (Itoh
and Brown 1984, Mizuta 1985a, b), Figure 9 (¥, fif
BEXHHLTWE=FE<=ED T r 75 A VTRT
BRMER PF BxRT, OHEORISMRONETT
H%, PF ETIX, £r e — AT ERIEE

(Enomoto and

fracture plane

Platinum

Holder

AN o

Carbon

Freeze-fracture flow diagram. (Redrawn and modified after Robards and Sleytr 1985.)

Ih, wre - ARBEOFELRTEOZIENE
BROBELTALD, Z0BE, €L e — AHkHE
X BEDOKIENL, EF EIBTHEDE D ki) &
e, EOMATHS - LeERR X, BEoZHo
FRBICBER IR LM EROELR, ~ v s~
ED TCs Thb, THEZ<ED TCs i, A+ AF
AL, 72 =y b DEFINERRTH B DT,
Y=7 TGCs THd, LMLELHL, ~HEx~<ED
TCs i, *+FAFAD TCs &5&-T, EWEE PF
& EF BOAS THREIND (Mizuta 1985a), & <
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fracture plane

ice

protein

S
%:
/
Membrane-bound &

/ @
Plasma membrane Inner \

leaflet

ES PF

% %@N_

=

Outer
leaflet

Fig. 7. Diagram showing four views of the plasma membrane which are exposed by freeze-fracturing and
etching. Two fracture faces are produced by splitting the plasma membrane: PF, fracture face of the inner half

of the membrane associated with the protoplasm; EF,
with the extra-cellular space. The other two, PS and

francture face of the outer half of the membrane associated
ES are etch faces exposed by sublimation of ice away from

the surfaces of the membrane halves associated with the protoplasmic and extra-cellular sides, respectively.

(Redrawn and modified after Montezinos 1982.)

TR =70 TCs IR WTIE, B 9-12nm O+ 7
==, A 3FICETIL, 7 ==, F OFHREIL
90-120T# % &\~ 5 (Itoh and Brown 1984), TCs i,
IThHERTHEer e —ADES LEMLT X - T
LANT, FWEEEEBHTLLELLR TV S,
=HEA=EEAA AR =2TEEENUR, ¥ 72=y b

NEEE ECHET A Z Ltk 5T TCs AR
#1% (Itoh and Brown 1988),

—7, BEEH T, A+ FAFAPIHEA<ED
Y =7 TCs Li13R7cH 214 7D TCs BRI B
(Mueller and Brown 1980), JRIZEEE EF f Tk, EE
24nm DV R E 2 — L EFHERBERA, e —2A

Fig. 8. An EF face of the plasma membrane o

f Oocystis apiculata. Note linear TCs (TC) associated with
the impression of cellulose microfibrils indicated by the upper side of the dashed line. Arrows, the direction where
TC moves. (Unpublished micrograph kindly provided by T. Fujino.)
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Fig. 9. A PF face of the plasma membrane of Boergesenia forbesii. Note linear TCs (TC) associated with the
impression of a cellulose microfibrils indicated by the upper side of the dashed line. Arrows, the direction where
TC moves. (Micrograph by K. Okuda and R. M. Brown, Jr., unpublished.)

Fig. 10. A PF face of the plasma membrane of the hornwort Anthoceros formosae, showing several particle

rosettes (encircled), each of which consists of six particles arranged in a circle. (Micrograph by K. Okuda,
unpublished.)

S ).‘ RN 5. gx = D ¥ - R I MR .
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B MEOFEY R TIROR b ADEMCBE I h,
ZhieR LT, FWEE PF BT, ERE 8nm D/
BRI 6, BE 2¢om OFARCHETSLS
CEFIFH e, b EFER DB OE ST hAEEX
hic (Fig. 10), » ¥y b &7 mE L -k, FEWEE
DHTEEWCHBHCKEELTrE,y + 7ay
2=/ TCs #BETHLEELZLR TS (Mueller
and Brown 1980), BE LD R, + S e 2 —
A TCs 3, Be—2oFoBMTHHL, =Lviva
V=74 7YV RERT D, RRERLED 6 >0+ 7
2=y bbRBrEy MY, ER OYRZ—FOrF
(Rudolph 1987), ¥l TA oD v A 4 — 3D
(Haigler and Brown 1986) T, 3 CRZDOHEHEEL
EALERER, FIAo/NEK X HH%, ROFRVE
e DRE X » THIlANBEE S h 5,

r¥., MY, BEEEFVEH, svvavFYE
(Micrasterias denticulata) X 3 51 /' % % (Closterium) T F
R &R/ (Giddings et al. 1980, Staehelin and Giddings
1982), —fIcF V) EEIL, 220 ULKE XORHK
BY7c MM (semicell) 2 BH7c % BT, Milgno—4

X > CTEMATET S (Bold and Wynne 1985), #
Fan=538h 2 DX MBADKE ORI (isthmus) THE
Zotctk, ThEXhoEfilk (BlfaoLMEkTs -
ofBor) ok, FLGEMRAYELT, b & oXH
72 2 DO MMAS G DB RET . FL R
ShayMas ik LT 5 & SR S h 5 Mlags
—RARREE & o\, RO RRAE - I BICTER X
B HIRREE R — R MIFREE L\ 5, Giddings et al. (1980)
CEhE, 7vvavFYEDRY, X, MEas—
KRARRBER U T % & &, BE LY & AfRic@E 4B
WMTHEET S, Ml kAL T 5 & &,
#BE & 7> THEBT S (Fig. 11), &R, =¥,
FDO~NFHTFAT UL EENRD, 7V 3 0F)
ED KM, BEO L e — AEHMEH R U
fEfE TR LB R RABE IR (Gid-
dings et al. 1980), TDRDILHTiX, HRIZMET S
R — ABHEN R DB A E L, MBI A+
e — AREREE RSN e s te, —BOR X,
M, —AROf=L AR Y —T 4 TY AT
Bh, rEy AFIRLTEE, ThEhorE, b

&

Solitary rosette

Cellulose microfibril

Hexagonal array of rosettes

Fig. 11.

A relationship between rosette arrangement and cellulose microfibril size. Each rosette synthesizes

an elementary fibril. A row of rosettes forms a set of elementary fibrils that aggregate laterally through hydrogen-
bonding to form the larger cellulose microfibrils during secondary wall formation in zygnematalean algae such as
Micrasterias and Spirogyra. (Redrawn and modified after Giddings et al. 1980.)
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WERTA=L 2 v i) —7 4 7V LOffEET X
>C, L DIEDEELr — AMEHEN T S h b &
58 Shte (Fig. 1) Ry bD~FHTF LT LA
Dl r — AMBHEO R e R A TR 5 L &, ~F
HIFNT A OFREEET S e, FOFIE, RD

SR DOR Ly P EE, ROEOIE L r — AR
HEA T % (Fig. 11)e HFRDBUGOTTICHFIT % »
Yy bOFNEE, FIERERT B R, b OED DL
mhE LB, BT DL e —AfEOTRIVNE <
5B, Fto, ~FHTFAT LALDOHET, ThFEhD

Figs. 12 and 13. PF (Fig. 12) and EF (Fig. 13) faces of the plasma membrane of Coleochaete scutata. Fig. 12,
particle aggregates (encircled), which consist of an 8-fold symmetrical arrangement of small particles circumferen-
tially arranged around a large central particle. W, cell wall. Fig. 13, a cluster of closely packed particles (encir-
cled), where particle arrangement is random. Cellulose microfibrils in the cell wall (W) visible through the patches
of the membrane. (Micrographs by K. Okuda and R. M. Brown, Jr., unpublished.)
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Bty b OFINEERTREVCETRESIL TV
DT, BHIND L e — AFBHETER & FTES
T5, TDXBE, ~FHITFAT VALK T L ¥

v POEFIAR & —vinh, ZKMkaBEFO L — 2
BHED v 1 X LA I N B, B4D e
£y b DEBEIRIR e, POERE LT, ~F
Y TFLT UL LEN, e — ABERMEATER LT
DOEMER EXE £E L bh T3 (Giddings e
al. 1980), ¥z, 7% YFEDKMAREBEMEENC K
WTh, rE, POEFANEEINI (Stachelin and
Giddings 1982), I » V¥ EDr £, b DEMIZ, =
Xy b HERRC—FICERTIT s HE AR T,

Yy PV BEEO—FE, 77 A% (Nitdla) brEy
b % #F> (Hotchkiss and Brown 1987), 7 5 A2 D
r¥, MY, BEEE®HO= X, + LRAEC—DT OB
mTomL, EEEBELL,

WAKDFREE, =2 v & —F O—H (Coleochaete scutata)
D TCs ik, V=724 7Thicl, s¥, b+ rr
t 2 — A &4 7 Th7g\~ (Okuda and Brown 1992), =
ViAy =50 TCs © PF Wi Rbh s, HE
28 nm DFLERR &, BEE 10 nm OFETERIE NS 7
->T\w% (Fig. 12), RAEROBIL 4-8 ODETEIL
THMR, ThLhoFRNL, 8EEMS X5l
BIhTuwb, Zhica LT, EF HTRLhB#E
X, 7V ACEHTHER 5-17nm OENOES
T, FIEPRICALDH VTS (Fig. 13), “hb
PF & EF BTROISHEER, BEHEE CHEN
CRBL, a2Vt r—50 TCs ¥R T2 LHEX
hic,

4. TCs LZNNAMT 5t/ 0— B4

Figure 14 {3, \ % ¥ TR~/ TCs DR L, %
hHBERT 5t e — AHBHEOME O 2 AR
Rt, ¥y b,/ BEL—A TCs i}, BT, B
F35nm D=V AVEY —7 4 TV ALNEHRT 5,
L LiEds, 2v oy vFVElBThArE, PO
HERAANFHTFATUAL, =V AVEY) =747
NORFFEECL >T, 1B 20nm F TORFLLL
= — A @MY AT 5 (Giddings e al. 1980), =¥
v b, FRIZZrE . —LDEBLLDY T 2=, Y
e —ADERICESTEEELDONBRIDHD
MR, BKRTIE, =, bdler e —ARERTHHRE
HRICT LR LI, 2V Ay —FD TCs i, =V
AVEY =7 4 TY ALY EMBEFELEL r — AR

X AT B, 2vA Yy —FD TCs TRWTiL, &
WMEED PF ATR SN % 8 HHEKROBUELIA £ L
B —ADERCBARTHY T 2=, r THHEEZD
AT\ »% (Okuda and Brown 1992), Y =7 TGCs i1,
v, b,/ 7B —NA TCs L2t —FD TCs
DEETH e —AMBHEL D, 2ichHra DK
Eigw e — ABBHEY SGRT B, LorLignih, +
FFAFADY =7 TCs ik, REBEDO DR
FRBER) REL B0 LT, 2~x=3ir=7
DY =7 TCs ik, FWEBREDOIALNAOFEHICE
T TR LTV B, Iods, BEDIDIEBEY,
BERAEE D —8 (Acetobacter xylinum) W31+ % TCs &£
R — ABHEOMAR R L1 (Fig. 14). BEEREO
TCs ¥, MBBECEESh, EFRc—FcEs%
Bovr7=2=y thbich, FEECREELY FXVRD
e — R iR ST 5 (Brown et al. 1976), HEfE
i, MREERS & LT T Ml oW s LT
e — AR AR L, AREhB L r—RAH
B - LTRAIET AL - T, BHEEYBH
Th, COREN, Y (EKEW) ks TCs
Mt e — ALY ERTHZ Lt > TRERBEE
EEBEVIEZDEBEL I - T\ B,

e —RAERICBRTHLEINDEAD TCH 7
2=, MY, RO I H VR AR T AONHER
N T E T\ 5% (Herth 1985b, Brown 1989), iz~ 7s
51, =VAVEY =7 4 7T YNIL, 36FKDIALH
vEEImbLED, bLlerY, Mk r—AERIICED
BiEbiE, 620%T=2=, MIThZh6EXD IV
N VEEET B EE 2B A (Herth 1985b), [k
LT, 2D 7LH bbb avtyr—FDx
e — A, ThERRIRD I vHxE
BT 58204 7=2=, bitkoTHERIAS
(Okuda and Brown 1992), # <~ I r =7 DFAEI,
#7 2=y, b DOFHRE 105, L r — AT
BEhB 7N VEOFERE®1050L 35 &, Hx
DHT 2=, MIOED /A VIR ERTHZ LT
7£% (Brown 1989), #*+F A FAMD TCs 7 ==,
b OFHEETI08TH D, v — R ERKEA R
THEIN VEOFHRERI0ETEH L, HaDy
Taz, bRTERD IS VR AT D EFE SR
%

KRDA B —R L, A —RIaktrr—2R
18D 20D RIcHFERRD S5 Lixd Ttk
Nfc, BEE®-r=7DY =7 TCs HERT 5+
Am— AR, tre —RTakERFETHOD
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TC type
land plants
Micrasterias 828
Nitella
0%0o
Coleochaete oOo
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s
Oocystis fololelele e slelelelele)
. 000000000000
Valonia 000000000000
OOO0O0O0O000O0O00
Acetobacter 000000000000

Cross section of
cellulose microfibril

3.5nm
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55
3.1

7)) -

20

E

~100~
1.5

Fig. 14. Schematic drawing of TCs and the cross section of cellulose microfibrils that each of the TCs
synthesizes. (Drawn from data presented in Frey-Wyssling and Miihlethaler 1963, Okuda and Brown 1992,
Preston 1974, Itoh and Brown 1984 and Kuga and Brown 1989.)

ERLT, BLiE#Hoe €yt VrE.—L TCs
BERT DL r— ABBHET, BEAEELrR—2R
18DH 25765 (Atallah 1984), Z D &i%, TCs D
H7 2=, FOEFIN, ARINB e — A
DERCBRT 5 & &L % R¥T 5 (Kuga and Brown

1989),

5.

BelEmics T3 TCs OB

Table 1 (¥, BEE CCAROALEE, vy 7
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Table 1. Occurrence of TCs in green plants.

Organism Habitat? TC type TC location  Consolidation® References®
Chlorococcales

Oocystis F Linear EF — 2,30
Eremosphaera F Linear EF — 1
Siphonocladales

Ventricaria S Linear EF & PF — 19, 26
Boergesenia S Linear EF & PF — 19, 21, 23, 25
Dictyosphaeria S Linear EF & PF — 18, 19
Siphonocladus S Linear EF & PF - 18, 19
Valonia S Linear EF & PF - 20
Valoniopsis S Linear EF & PF - 19
Boodlea S Linear EF & PF - 19, 24, 26
Ernodesmis S Linear EF & PF — 18, 19
Struvea S Linear EF & PF — 18, 19
Microdictyon S Linear EF & PF — 1
Chactomorpha S Linear EF & PF — 1, 19, 26
Coleochaetales

Coleochaete F Octagonal/random PF/EF — 29
Zygnematales

Micrasterias F Rosette/globule PF/EF +H 7, 28, 35
Closterium F Rosette/globule PF/EF + 8, 15, 37
Spirogyra F Rosette/globule PF/EF H 9
Mougeotia F Rosette/globule PF/EF — 17
Charales

Chara F Rosette/globule PF/EF - 22
Nitella F Rosette/globule PF/EF - 16
Bryophyta

Anthoceros L Rosette PF — unpublished
Funaria L Rosette PF — 31, 33, 34
Tracheophyta

Psilotum L globule EF — 1
Equisetum L Rosette/globule PF/EF — 5
Ophioglossum L globule EF — 1
Adiantum L Rosette/globule PF/EF — 38

Ginko L globule EF — 1

Pinus L Rosette/globule PF/EF - 27
Lepidium L Rosette PF — 6, 11
Raphanus L Rosette/globule PF/EF — 39, 41
Cucurbita L Rosette PF — 6

Glycine L Rosette PF —_ 13
Phaseolus L Rosette/globule PF/EF — 27, 39
Vigna L Rosette PF — 10

Acer L Rosette PF - 4

Daucus L Rosette/globule PF/EF —_ 3,4
Zinnia L Rosette PF — 14
Hydrocharis L Rosette PF - 6
Limnobium L Rosette PF — 6, 12
Lilium L Rosette PF - 32
Allium L Rosette PF — 1

Avena L Rosette/globule PF/EF — 1
Hordeum L Rosette PF — 39

Zea L Rosette/globule PF/EF — 27, 36

2 fresh water (F), sea water (S), land (L).

b single row of rosettes (+), hexagonal array of rosettes (H).

¢ 1, Brown 1985; 2, Brown and Montezinos 1976; 3, Brown et al. 1983; 4, Chapman and Staehelin 1985; 5, Emons
1985; 6, Emons 1991; 7, Giddings et al. 1980; 8, Giddings and Staehelin 1988; 9, Herth 1983; 10, Herth 1984; 11,
Herth 1985a; 12, Herth 1985b; 13, Herth and Weber 1984; 14, Haigler and Brown 1986; 15, Hogetsu 1983; 16, Hot-
chkiss and Brown 1987; 17, Hotchkiss and Brown 1989; 18, Itoh 1989; 19, Itoh 1990; 20, Itoh and Brown 1984; 21, Itoh
etal. 1984; 22, McLean and Juniper 1986; 23, Mizuta 1985a; 24, Mizuta 1985b; 25, Mizuta e al. 1985; 26, Mizuta and
Okuda 1987; 27, Mueller and Brown 1980; 28, Noguchi et al. 1981; 29, Okuda and Brown 1992; 30, Quader and Robin-
son 1981; 31, Reiss et al. 1984; 32, Reiss et al. 1985; 33, Rudolph and Schnepf 1988; 34, Rudolph et al. 1989; 35, Schmid
and Meindl 1992; 36, Schneider and Herth 1986; 37, Stachelin and Giddings 1982; 38, Wada and Staehelin 1981; 39,

Willison 1983; 40, Willison and Brown 1977; 41, Willison and Grout 1978.
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%, ErEOEE, RUZTh LA TCs D& A
THRT, /RrR2y I ARRBTAAAFAFAL
TVERAT = Fi%, WKEOKRET, FWEEKED EF
EREFCEEINDY =7 447D TCs #FD, 1
Fy#B, ¥tivts/7yBCRTAAAr=7,
<=HE<E, ¥y 2V Y (Dictyosphaeria) 7L EL, T
NTBEDEEFZET, EF, PF OWEKBAEIhS
V=784 7D TCs ¥, 2v+r—FHED2V
dr—Fik, BKEDKET, SEHEWK,/FVFAD
TCs ##>, D& 41 7D TCsik, 4D & 5 Coleo-
chaete scutata —TEDHZRTHIBh T\ 5, +¥ i Frf
BT vy vF ) B EORKEDFRIL, =
€y b,/ VBrE2—NEL 7D TCs ED, Thb
DOHFRT, 7vvavFVE, IAVEE, Thile
(Spirogyra) %, “RMFIBER DR R £ o b5 TR 7S
LCHEAAHET 5, ¥+ Y (Mougeotia) iITi%, »
£y FOEFABRLRE, Yy P 7 EARCBT A Y
v 7 % (Chara), 7 F A3 %E(L, RKEDY v 7 &
/T, r¥y, /IR —LEALTD TCs 2FD,
2 riEY), v ARl RTED, BTEDYSURELE
B, $FCANLAETOENRY, b,/ /8
a2 —/ TCs D, ek, PFHEIRREy b, Fi
BEFEAER e —ADEBLLh—FRBEIRT
L, s¥y, b Srba—n TCs EEOELELIL

foo Table 1 & Xhud, BREMEDL, £BFHA, TCs
O, TCs OHMTHREMEBEOME, TCs DH
AEROER/CL > T, 520/ A -7 TBH
NTED, Bb, (1) 7rra y, 7480707
Q) :FKVFEDIA—F;(8) avAyr—F;(4)
LAV HEBES RS FrBD 7 =7 (5) ¥4
v, e 27ER, RUBELEHDO /71— 7T Thb,
SEEY, BHAEREORE BSHLHERE
DHOKR, ETEMROEEEREBEORE, 7Y = —
ANEERBICEE L ABERI L - T, 3 20N ERsT
bho (FK 1983), chicy+ o7 BEv Nz ¢
SOHERT, MEDS5OD I/ —TEHTULD, &
RERD 7N —TpEED TCs D& (T LAY ES
% 7-DH Table 2 THbH, Bfior€, + /et
2=/ TCs v+ 7 B, FIEMAYEBETLI L
DTEBRrY Y}/ Zabta.—A TCs RUOavH
r—5FDTCsit=z vt r —7#8, EREEEFECL
HR5h3% Y =7 TCs (1#F%EM, EF E & PF HIOM
HRbh5BY =7 TCs X7+ HBADLThEFhDy
EREHRIE LT, 2Vt r—TL >+ U7 ERACE
THNERL, B LY L BOEEERFOLELD
HTuwb (FE 1983, Graham and Delwiche 1991),
SETHRRLA L TOELEYD TCs 23, 2 vi
r—7@l L - o BAEHLALR Y, + S

Table 2. Classification of green algae®.

characters Charophyceae Coleochaetophyceae  Chlorophyceae Ulvophyceae
sexual organ multicellular unicellular unicellular unicellular
nuclear division interzonal interzonal interzonal interzonal

mitotic spindle

mitotic spindle

mitotic spindle mitotic spindle

persistent at telophase persistent at telophase collapsing at telophase collapsing at telophase

cytokinesis a phragmoplast-
associated cell plate

basal bodies associated with a

from which a micro-

along one side of a

a phragmoplast-
associated cell plate
associated with a
multi-layered structure, multi-layered structure, striated fibers;
from which a micro-
tubular band extending tubular band extending system cruciate
along one side of a

a furrow of
the plasma membrane

a phycoplast-
associated cell plate
connected with
non-striated fibers;
microtubular root
system cruciate

connected with

microtubular root

cell cell
glycolic acid pathway glycolate oxidase glycolate oxidase glycolate glycolate
dehydrogenase dehydrogenase
TG type (remarks)** rosette (solitary) rosette (solitary & array) linear (EF) linear (EF & PF)
octagonal
algal groups clasified Charales Chlorokybales Volvocales Ulvales
Klebsormidiales Tetrasporales Acrosiphoniales
Zygnematales Chlorococcales Cladophorales
Trentepohliales Chlorosarcinales Siphonocladales
Coleochaetales Oedogoniales Codiales
Chaetophorales Dasycladales
Ulotrichales

* Based on Chihara (1983)

** Data from Table 1
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RE.—ALEA T THBZ LY, ZDELRTHET S,
Dzl 2vAr—FM, v s R, BLE
HOETRTZThPEL L TEIBRT, ThboikED
HENF>TlerEy + /FrEL— TCs D
eSS, RS EHIr N TELZ L2 ER
T3, BEMEL T HHROSEVEL, 2vAyr—F
MLy o/ BROSEWEEKRES RIS (Table
2), LorLishs, BEBEMAL 7T rflsitcy) =7
TCs & 7Y 2 - BEKRERLEDL, Thbog
ERRARTB OB NERY RO LIk, WEORM
BfRDY, Thblaviyr —T@Eluty » o 7 B
DEIORMBIRE EE L IeVWEBERBRT 5,

6. OFv b/ FOEa—I TCs HhLR&ELK-TL
*4—7 TGCs

75775 A EREIRDL 2 VA —TBHEY
v o BREEWE, 2 vAr—FSEe €, b
/7B 2 —A TCs 4§D (Table 2), 2 Vs —F
D TCs DOREL, 29ODWEHEENEL ATV
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Fig. 15.

Schematic drawing for the hypothetical evolutionary lines of TCs in green plants. (Redrawn and

modified after Herth 1985b, adding data from Okuda and Brown 1992.)
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Fig. 16. Schematic drawing for the hypothetical phylogeny of TCs in green plants. (an original drawing by

K. Okuda and S. Mizuta, based on Fig. 15.)
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Information for Authors (Revised March 1993)

Members of the Society are invited to contribute original research reports, short com-
munications, review articles and rapid communications in Japanese or English on all aspects of
phycology. Every research paper is read and criticized by reviewers on the basis of its originality
and the discussion presented. Where appropriate, reviewers other than those on the Editorial
Board are consulted. Final responsibility for selection and published order of papers rests with
the Editor. Research reports not longer than 10 printed pages in English and 6 printed pages in
Japanese including figures and tables, short communications within 4 printed pages and review
articles within 16 printed pages will be published without excess charge (exclusive of reprints);
additional published pages will be charged to the author (12,000 Yen per single printed page).
Rapid communications acceptable within 2 printed pages will be published in the possible
earliest issue with charge at 12,000 Yen per single printed page.
The manuscript should conform exactly to the following instructions. The manuscript
should be typewritten, double-spaced in 65 letters per line and 28 lines, on thick paper of
21.5X 28 cm or A4 size. Symbols, units and nomenclature should conform to international
usage. The metric system (sec, #m, pg, M, °C etc) should be used for all numerical data.
Words to be printed in italics should be underlined. The original copy and two duplicates are re-
quired. The first page should have only the title, full name(s) of the author(s) and institution
with address, and any necessary footnote. A short running title should be included.
Acknowledgements preferably follow the text but precede the references. Tables and legends for
figures should be on separate pages and be placed after the references.
An abstract of not more than 200 words is required. At the end of the abstract, 5-10 Key
Index Words should be given alphabetically for aid in indexing. A Japanese abstract will be pro-
vided by the Editor from translation of the abstract.
References. Citations in the text should read thus: Liebig’s (1840 p. 23) ... or ... (Welch
1972, 1974). In the list at the end of the paper, references should be typed in alphabetical order.
Each reference should be given in the following order: Name, Initials, Date, Title, Journal
Volume: first page-last page. Example:
Mikami, H. 1978. On Laingia hookeri (Rhodophyceae, Delesseriaceae) from New
Zealand. Jap. J. Phycol. 26: 65-68.

A book title should be followed by the name of publisher and place of publication. Example:
Abbott, I. A and Hollenberg, G.J. 1976. Marine algae of California. Stanford
Univ. Press, Stanford.

Tables should be numbered with Arabic numerals, have a title, and be referred to in the text.

Figures, whether line drawings or photographs, should be numbered consecutively in
Arabic numerals, and referred to in the text. The maximum size for a full page figure is
14X 20.5 cm. Line drawings should be made with black ink on white paper or blue-lined graph
paper. Letters and numerals should not be made by hand, but should be made neatly with a
lettering device (not a typewriter) and be of such size that the smallest character will not be less
than 1 mm high when reduced. The original drawing and two sets of clear copies are required.
Photographs must be of good quality. They should be grouped to conform to the page style and
format of the Journal and preferably be submitted at a size that permits reproduction without
reduction. Photographs should be submitted in triplicate (or 1 original and 2 photocopies nec
Xerox copies). Coloured plates may be printed at the expense of the author. The insertion of
tables and figures in the text should be indicated on the right-hand margin of the sheet.

Proofs should be checked carefully and should be returned by airmail to the Editor within
three days of receipt. The author will receive 50 offprints free of charge. Additional copies can
be ordered at cost on the reprint ordering form sent with the proofs.
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Japanese with English summary) on phycology, with photographs and list of publications of the late Professor Yukio
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4. Contribution to the Systematics of the Benthic Marine Algae of the North Pacific. Edited by I. A. AssoTT
and M. Kuroci, 1972. xiv + 280 pages, 6 plates. Twenty papers followed by discussions are included, which were
presented in the U.S.-Japan Seminar on the North Pacific Benthic Marine Algae, held in Sapporo, Japan, August
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followed by discussion are included, which were presented in a symposium on Laminaria, sponsored by the Society, held
in Sapporo, September 1977. 1,200 Yen (incl. postage, surface mail).

19934 6 A 15 0  EI MM ITE a0 Kk A F
199348 6 A 20 @ 1T T84 PGl BHALET 4-1-1

(©1993 Japanese Society of Phycology

Tel. 0423-25-2111 448 2665
P 5
N B R AT o BRI BR X &
IS
{ ) 1 F602 meA LA F AR A
I 2 ! Tel. 075-441-3155
b . o2 e 5
¥ f1 Fr H & & 8 ¥ &
Printed by Nakanishi Printing Co., Ltd. T602 FERH LK Tz asE I H A

Tel. 075-441-3155
fRE M - UL 1-50488

RO I O—EISCR A FHET e & [HFRRUR AR IGER | L 5,
Publication of The Japanese Journal of Phycology has been supported in part by a Grant-in-Aid for
Publication of Scientific Research Result from the Ministry of Education, Science and Culture, Japan.



a1 25 19934F 6 A20H

B R

BEEX - BAREL AL~y =5 (RF2VE) OBAERES oo (Fx) 99
HARER - ShRFE(h : AKRER Y 7Y F R DEFBEOBEE EF3r) 113
E - SEBER:AES=77r/ VOEFERLELAARALORBBRS oo (FEX) 123
WIAEASY - BFEBF BB L DY 2 V¥ 2 vt T/ U (Gracilaria eucheumoides) D4

TS E R ETRIR D oot tommones nundtin seo g gaass Sak s o e S s o S i S (FEX) 131
& B mUESH-E4KR: B v XWEHKT OBEC X b HERERL S

1 T 137

¢

F ==}
Sung Min Boo : S0 HNC @A FoFff, Ceramium puberulum (1 ¥ AFL, #L¥) o
VBRE. ottt e T o A W TR e S s o S ear) 148

BE—IfE - KE B BEMEYICET S e — A SREEE SO SEM LA 151
L XX 2

&

EEOERNEEIR oo sitesos s onn o s s b s S Y S 8 8 A S i s 175

PR Rl| st S s e s o s B e T e S A S S T B e e e S 185

L 186

B E MG L) soscammmnen s s e s s e 188





