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Life history of Erythrocladia subintegra ROSENVINGE
(Bangiales, Rhodophyceae) in culture

Anicia Q. HURTADO-PONCE and Isamu UMEZAKI

Laboratory of Fishery Resources, Division of Tropical Agriculture, Graduate
School of Agriculture Kyoto University, Kyoto, 606 Japan

HurTADO-PONCE, A.Q. and UMEzaki, 1. 1985. Life History of Erythrocladia subintegra
RosENVINGE (Bangiales, Rhodophyceae) in culture. Jap. J. Phycol. 33: 283-287.

The life history of Erythrocladia subintegra ROSENVINGE, used primarily as food of
gastropods (such as abalones and top shells) in aquaculture farms, was studied under la-
boratory conditions. Reproducing by monospores, its life history was completed in 5-11
days at different temperature-daylength regimes.

Monospores produced asexually were liberated at 15°C SD and were collected on glass
slides. They were grown on culture dishes containing modified PRovasoLr’s enriched sea-
water (ESI) and incubated at different temperature-daylength conditions.

Irrespective of daylengths, onset of maturation and polystromatic formation of the
disc-plantlets were faster at higher temperatures (20°-25°C) than in lower temperatures
(10°-15°C) and morphological variations were also observed.

Key Index Words: Bangiales; Erythrocladia subintegra; Erythropeltidaceae; life

history ; monospore.

The family Erythropeltidaceae (Bangiales,
Bangiophyceae, Rhodophyta) includes 6 gener-
a (MURRAY et al., 1972): Erythrocladia
ROSENVINGE, Erythropeltis ScuMITz, Ery-
throtrichia ARESCHOUG, Porphyropsis ROSEN-
VINGE, Smithora HOLLENBERG, and Mem-
branella HOLLENBERG and ABBOTT. Studies
on this family are limited to descriptive
morphology and little is known of their life
histories. The genus Erythrocladia, consist-
ing of 14 species (NICHOLS and LISSANT 1967)
is cosmopolitan in distribution. Erythrocladia
subintegra is widely distributed in the At-
lantic, Indian and Pacific Oceans. In Japan, its
presence is recorded from Hokkaido to Ryu-
kyu (TANAKA 1952). Life history studies on
Erythrocladia are scanty as in other members
of the family. The developmental variations
of monospore germlings in Erythrocladia
subintegra using different substrates were
studied by NicHOLS and LISSANT (1967) in
Missouri.

Erythrocladia subintegra is a microscopic,

purplish red plant which is roundish or ellipti-
cal on surface view and whose cells divide
dichotomously toward the marginal portion
forming a monostromatic disc with continuous
margin.

Abalones (Haliotis) or top shells (Batillus)
are known to feed principally on algae,
which they scrape off the rock by means of
radula. At the Sea Organism Culture Center
in Obama, Fukui, Erythrocladia subintegra
are grown on vinyl plates as primary food
of young abalones. To determine qualita-
tively the effect of temperature-daylength
conditions on their growth, the authors
studied the life history of Erythrocladia
subintegra for aquaculture purposes.

Materials and Methods

Algal specimens found attached to vinyl
plates were collected at the Sea Organism
Culture Center, Katsumi, Obama, Fukui
(35°32'N and 135°43.5’E) on October 29, 1983.
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Fertile microscopic plants bearing mono-
sporangia were scraped and placed in 90 mm
X 20 mm disposable plastic Petri dishes con-
taining autoclaved seawater. Liberated mono-
spores at 15°C Short Day (10h light: 14h
dark) were collected on glass slides and
grown in culture dishes containing modified
PROVASOLI’s enriched seawater medium (ESI,
TATEWAKI 1966). Newly released mono-
spores were incubated at different tempera-
ture-daylength conditions : 25°C LD, 20°C LD
and SD, 15°C LD and SD and 10°C SD;
where LD (Long Day) is (a) 16 h light: 8h
dark or (b) 14 h light: 10 h dark; SD (Short
Day) is 10 h light: 14 h dark.

Monospores and developing plantlets grown
on glass slides were permanently stained us-
ing HEIDENHAIN’s iron haematoxylin-orange
G (JENSEN 1962) to observe their respective
nuclei.

Results

Monospores measuring 4.0-10.0 #gm in dia-
meter were released from monosporangium
at 15°C SD. They were spherical in shape,
containing a parietal, cup-shaped chloroplast
and a pyrenoid (Fig. 1).

Settled monospores at 15°C SD underwent
nuclear division followed by chloroplast di-
vision which resulted in the formation of 2-
celled plantlets measuring 7.5 gm in diameter
after 1-2 days (Fig. 2). A nucleus was found
positioned in the center of each cell. Suc-

cessive bipartitions or simultaneous cleavages
occurred as a result of cytoplasmic divisions.
Further divisions of the plantlet took place
with peripheral lobing and subsequent di-
chotomous divisions of closely associated
filaments, thus 4-celled plantlets, measuring
15.0-22.0 gm in diameter were formed (Fig.
3). The plantlet became a monostromatic
circular disk of adherent branching filaments,
measuring 30.5 ym in diameter after 4 days
(Fig. 4). With further growth, the plantlet
formed two layers (37.5-52.5 ym in diameter)
after 5 days (Fig. 5). The mature plantlets
which were centrally polystromatic consist-
ing of 6-14 layers measuring 53.0-99.0 #m in
diameter (Fig. 6). Each vegetative cell cen-
trally located in a polystromatic disc divided
into 2 unequal portions (Fig. 7, arrow 1).
The larger cell remained initially vegetative
(Fig. 7, v by arrow 2) until further division,
while the smaller cell developed into a spo-
rangium (Fig. 7, m by arrow 2) from which
a monospore was released. Monospores were
released from the sporangium on the 7th
day of culture. Adjacent plants having poly-
stromatic areas at their center anastomosed
with each other, thus the typical circular
disc characteristic of Erythrocladia subintegra
was obscured (Fig. 8).

When matured plantlets bearing mono-
sporangia were inoculated at 25°C LD, 20°C
LD & SD, 15°C LD & SD and 10°C SD,
monospores were released within two days
in all temperature-daylength conditions ex-

Table 1. Temperature-daylength conditions and period of time (days) for the
formation of 2 to 7-celled plantlets, monostromatic plantlets and polystromatic
plants and for the release of monospores in Erythrocladia subintegra.

Formation of

Tempegg;g{ggl:sylength 2 to 7 celled monostromatic polystromatic ﬁ?:g:gogg
plantlets (days) plantlets (days) plantlets (days) (days)
25°C LD (b) 2 3 4 5
20°C LD (a) 2 3 5 6
20°C SD 2 4 5 6
15°C LD (b) 4 4 5 7
15°C SD 5 6 7 8
10°C SD 5 7 9 11
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cept at 10°C SD. Soon after attaching to
the substratum, the monospores divided into
two and their subsequent development fol-
lowed (Table 1).

Maturity as well as polystromatic for-
mation of the plantlet were faster at higher
temperatures than in lower temperatures ir-
respective of daylengths.

Morphological variations in the develop-
ment of the monospore germlings were ob-
served under higher temperature conditions
(20° and 25°C) showing oblong to branched-
filamentous plantlet ca. 100 ym in length
(Figs 10-11). Likewise, early abnormal de-
velopment of monospores was observed (Fig.
12).

Stained with iron-haematoxylin-orange G,
the dark blue nuclei of monospores and
young developing plantlets were found
centrally located in the cell. Chloroplasts
were concentrated around the nucleus, ap-
pearing to be darker than the peripheral
areas. Cells divided dichotomously toward
the marginal portion forming a monostro-
matic disc with continuous margin.

Discussion

The developmental stages in the life histo-
ry of Erythrocladia subintegra were ob-
served under laboratory conditions. It was
found to complete its life history under each
temperature regime tested at varying day
lengths.

Spores in the Bangiophyceae to which
Erythrocladia subintegra belongs were classi-
fied into three types by DREW (1956). The
spores of the species studied belong to
Type 1—formation of monospores from dif-
ferentiated sporangia. Sexual and asexual
reproductions have been reported in Ery-

thropeltidaceae; records on sexual propa-
gation, however, are scanty and incomplete.
To date, there are several reports on sexual
reproduction in this family. As cited by
DixoN (1973), sexual reproduction has been
reported in Erythrocladia, Erythropeltis, Ery-
throtrichia, and Smithora, although he claims
that “the evidence on which this reports are
based is very incomplete and highly conflict-
ing”. Among the known species of Ery-
throcladia, E. recondita, E. vagabunda and
E. insignis have questionable sexual repro-
duction, and the rest have established asexual
propagation (NICHOLS and LISSANT 1967).
The species studied reproduced asexually
by monospores. This supports a previous
study on this species (NICHOLS and LISSANT
1967).

Monospore development in Erythropeltida-
ceae is either of two ways: (1) filamentous
germling—as in Porphyropsis coccinea var.
dawsonii (D1XON and MURRAY 1981, MURRAY
et al. 1972), Smithora naiadum (RICHARDSON
and DixoN 1969), and Erythrotrichia (HE-
EREBOUT 1968) ; (2) monostromatic disc—from
which upright blades are subsequently pro-
duced as in Porphyropsis coccinea var.
dawsonii (DIXON and MURRAY 1981, MURRAY
et al. 1972) and Erythrotrichia carnea (HE-
EREBOUT 1968). Monospores of Erythrocladia
subintegra developed into monostromatic discs
with creeping filaments. The result of our
study is similar to earlier reports (NICHOLS
and LISSANT 1967, HEERBOUT 1968).

Liberation of monospores and their sub-
sequent development were more dependent
on temperature than daylength. This is in
contrast with the photoperiod dependency of
Bangia fuscopurpurea (RICHARDSON and
DIxoN 1968). Though the life history of E.
subintegra was completed under all tempera-

Figs 1-9 Developmental stages of Erythrocladia subintegra.

1. Settled monospores. 2. 2-

celled plantlet. 3. 4-celled plantlet. 4. 6-celled circular disc plantlet. 5. Young centrally 2-layered

plantlet.

6. Mature plantlet with centrally located sporangia.

7. Central part of a mature

plantlet (arrow 1: just divided two cells and arrow 2: further developed stage at which a mono-
sporangium (m) and a vegetative cell (v) were formed. 8. Anastomosed plantlets. 9. A group of

typical disc-like plantlets.

Figs 10-12 Morphological variations of plantlets.

10. Oblong-shaped

plantlet. 11. Branched-filamentous plantlet. 12. Abnormal one-two celled germlings.
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tures tested, the onset of maturation varied.
Higher temperatures, irrespective of day-
lengths favored earlier development of mono-
stromatic plantlets. Likewise, plantlets be-
came polystromatic at the center earlier at
higher temperatures than in lower ones.

Morphological variations of the plantlets
were more frequently observed at higher
temperatures. A previous study (NICHOLS
and LISSANT 1967) showed that developmental
variations in E. subintegra depended on (1)
size of monospores, such that small mono-
spores developed into filamentous plantlets,
while large ones grew from elliptical to ir-
regular disc-type plantlets, and (2) type of
substrates. In our study, we confirmed the
influence of temperature on morphological
variations, but the influence of different
types of substrates was not ascertained.
Anastomosis was common between adjacent
and maturing plantlets. This observation
confirms earlier study on this species (NICHOLS
and LISSANT 1967).

Early development of characteristic mono-
stromatic circular disc and maturity of Ery-
throcladia subintegra were favored at higher
temperatures (20-25°C). The typical shape
of this species was retained for several days
so long as the temperature was maintained
at 15°C. For studies on life history and
taxonomy, maintenance of cultures at lower
temperatures is preferable, but for purposes
of food production for gastropods such as
abalones and top shells, higher temperature
is more practical. The accessibility of
food for gastropods in aquaculture is thus
sustained.
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Meiosis in three species of Laurencia (Ceramiales, Rhodophyta)
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Meiotic divisions in the tetrasporanga of three species of Laurencia (L. undulata Ya-
mada, L. okamurai Yamada and L. pinnata Yamada) revealed noticeable differences at
meiosis I between L. undulata and the other two species as follows: In L. undulata,
chromatin threads at early prophase were thicker, chromosomes at late prophase were
usually squarish, a faintly stained large polar cap was visible and the chromosome com-
plement was n=30 with one large chromosome, whereas in L. okamurai and L. tinnala,
chromatin threads at early prophase were thinner, chromosomes at late prophase were
spherical or dumbbell-shaped, the polar cap was absent and the chromosome complement
was n=32 with three and one small chromosomes respectively.

Key Index Word: Ceramiales; chromosome; Laurencia; L. okamurai; L. pinnata;

L. undulata; meiosis.

The Genus Laurencia is comprised of more
than sixty species, most of which are dis-
tributed in temperate regions (YAMADA, 1931).
To date, cytological treatises on this genus are
restricted to five species; L. hybrida (WEST-
BROOK, 19S5), L. nipponica (YABU, 1978), L.
obtusa var, majuscula (YABU & KAWAMURA,
1959), L. papillosa (YABU & KAWAMURA,
1959; CORDEIRO-MARINO, YAMAGUISHI-TO-
MITA & YABU, 1974) and L. pinnatifida
(KyLiN, 1923; GRUBB, 1925; WESTBROOK,
1928 ; 1935; AUSTIN, 1956; MAGNE, 1964).
In this paper, the results of observations of
meiosis for three species of Laurencia from
Japan, L. undulata, L. okamurai and L.
pinnata, are presented.

Materials and Methods

The materials used for this study are
Laurencia undulata collected from Okinoshima
in Shimane Prefecture in July 1974 and from
Makurazaki in Kagoshima Prefecture in May
1978; L. okamurai from Moheji near Hako-
date, Hokkaido in August 1972-1975; and L.
pinnatq from Tachimachi-Misaki in Hakodate,

Hokkaido from May through July, 1970-1973.
The plants were kept alive in vats with
seawater until the time of fixing. Maturing
portions of tetrasporophytes were fixed in
ethanol acetic acid (3:1) and stained with
aceto-iron-haematoxylin-chloral hydrate solu-
tion (WITTMANN, 1965).

Results

The meiotic features in the tetrasporangia
of the three Laurencia species treated here
were identical to that of L. nipponica (YABU,
1978). The early prophase nucleus in young
tetrasporangia of all the materials has pro-
minent chromatin threads around a faintly
stained fairly large nucleus. These threads
then gather at a corner of the nuclear cavity
and gradually change into coiled strands
which afterwards become loose and elongate,
expanding within the nuclear cavity (Figs.
1-5). Passing through an obvious diffuse
stage, chromosomes emerge (Figs. 6-7) and
soon transform into distinct individuals.
The chromatin threads at early prophase are
thicker in L. undulata than in the other two
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Successive stages from synapsis to diplotene.

Figs 1-13. Various nuclear stages in the tetrasporangia of Laurencia undulata. Figs 1-5.
Fig. 6. Early diakinesis. Fig. 7. More advanced

stage with the large chromosome (arrow) which already exhibits its outline. Figs. 8 & 9. Dia-

kinesis with the large chromosome (arrow).

Figs 10-12. Diakinesis with a precocious chromo-

some moving toward one of the poles. The large chromosome (in Fig. 11) and the polar cap (in

Fig. 12) are indicated by arrows. Fig. 13.
% 1,280.
species. On the whole, the chromosomes

from late diakinesis to metaphase 1 were
larger and angular in L. undulata, but in the
others were smaller and dumbell or spherical

Anaphase with a polar cap (arrow). All figures.

in shape. The chromosome count from
diakinesis to early metaphase I was estimated
to be n=30 for L. undulata and n=32 for
the others. The chromosome complement
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; ul ‘ 5 :
Figs 14-16. Diakinesis in the tetrasporangia of Laurencia okamurai. Arrows in each figure
indicate the small chromosome. The other small chromosomes are out of focus in Figs 14 and 16.
Figs 17-20. Various nuclear stages in the tetrasporangia of Laurencia pinnata. Figs. 17 &
18. Diakinesis with the small chromosome (s). Fig. 19. Side view of metaphase 1 with a preco-
cious chromosome (arrow) moving toward each of the both poles. Fig. 20. Side view of the
daughter nuclei at metaphase II with a precocious chromosome (arrow) moving toward one of the
poles in each nucleus. All figures. x1,280.

Table 1. Normal and anomalous nuclei in 100 side views at meiosis I.

Species ng-l;n;?ergu(c)lfei Number of anomalous nuclei
Laurencia undulata i type A=23; type B=0
L. okamurai 82 type A=13; type B=5
L. pinnata 84 - type A=10; type B=6

Type A=anomalous nucleus with a precocious chromosome moving toward
one of the poles; Type B=anomalous nucleus with a precocious chromo-
some moving toward each of the both poles.
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Table 2. Chromosome numbers previously recorded in species of Laurencia.

Investigator

Species Chromosome number

L. hybrida n=ca 20; 2n=ca 40

L. nipponica n=28

L. obtusa var. majuscula n=20; 2n=40

L. papillosa n=20; 2n=40
n=26

L. pinnatifida n=ca 20
n=15-16
n=ca 20; 2n=ca 40
n=29; 2n=>58
n=29

L. undulata n=30

L. okamurai n=32

L

. pinnata n=32

Westbrook, 1935
Yabu, 1978
Yabu & Kawamura 1959
Yabu & Kawamura 1959
Cordeiro-Marino et al., 1974
Kylin, 1923

Grubb, 1925

Westbrook, 1928; 1935
Austin, 1956

Magne, 1964

Present study
”n

”

contains one large chromosome in L. undulata
(Figs. 7-9, 11), three small chromosomes in
L. okamurai (Figs. 14-16) and one small
chromosome in L. pinnata (Figs. 17-18). A
weakly stained, large polar cap was visible
in L. undulata (Figs. 12-13), but it was
absent in the others. In all of the three
species treated here, the anomalous nuclei
with a precocious chromosome frequently ap-
peared at metaphase I & II (Figs. 10-11, 19-
20). There are two types of anomalous
nuclei at metaphase I; type A with a pre-
cocious chromosome moving toward one pole,
and type B with a precocious chromosome
moving toward each of the both poles. The
counts for normal and anomalous nuclei at
metaphase I in each species are given in
Table 1. These results demonstrate that
only the type A appeared in L. undulata,
however, type A and B both appeared in L.
okamurai and L. pinnata. In L. undulata,
anomalous nuclei at meiosis I had a pre-
cocious chromosome moving toward a pole
in one or both of the daughter nuclei but in
L. okamurai and L. pinnata, such a nucleus
had a precocious chromosome moving toward
each of the both poles in one or both of the
daughter nuclei.

Discussion

In the present study on Laurencia undulata,

L. okamurai and L. pinnata, tetrasporangia
in meiosis I revealed noticeable differences
between L. wundulata and the other two
species in the thickness of chromatin threads
at early prophase, the chromosome comple-
ment and the existence of a polar cap.

SAI1TO (1967), who studied the Japanese
species of Laurencia, separated the genus
into two subgenera Laurencia and Chondro-
phyca based upon differences in the forma-
tion of tetrasporangia and the secondary pit-
connection, and placed L. okamurai and L.
pinnata in the former subgenus and L.
undulata in the latter. Whether the above
cytological differences relate to these two
subgenera or not must be an interesting
taxonomic problem, but further studies on
other species of Laurencia are needed.

As seen in Table 2, the chromosome num-
bers of n=30 for L. undulata and n=32 for
L. okamurai and L. pinnata are not in accord
with the previous number recorded for
several species of Laurencia. This is also
worthy of attention for further cytological
research on the genus Laurencia.
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Fine structure and taxonomy of the small and tiny
Stephanodiscus (Bacillariophyceae) species in Japan*

3. Co-occurrence of Stephanodiscus minutullus (KUTZ.)
ROUND and S. parvus STOERM. & HAK.
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KoBavasi, H., KoBavasHi, H. and Iper, M. 1985. Fine structure and taxonomy of the
small and tiny Stephanodiscus (Bacillariophyceae) species in Japan. 3. Co-occurrence of
Stephanodiscus minutullus (Kitz.) RounD and S. parvus STOERM. & HAK. Jap. J. Phycol.
33: 293-300.

Specimens which can be identified either as Stephanodiscus minutullus or as S. parvus
have been found in some fresh and brackish waters such as Hime-numa, Oo-numa, Hachiro-
gata and Nakagawa in Japan. Comparative studies on the valve structure of these specimens
using mainly a scanning electron microscope reveal the fact that S. minutullus and S.
parvus are conspecific. The central elevation or depression of the valves varies con-
tinuously from flat to strongly undulate surfaces.

Key Index Words: Centric diatom; fine structure; plankton ; Stephanodiscus minu-

tullus; Stephanodiscus parvus.

Specimens which can be identified either as
Stephanodiscus minutullus (KUTz.) ROUND or
as S. parvus STOERM. & HAK. often co-occurred
in the materials collected from fresh and
brackish waters in Japan. They are small
and circular in valve view, being 6-10 (up
to 15) pm in diameter. The valve faces
observed vary from flat or almost flat ones
to strongly concentrically undulate ones,
though it is often very difficult to ascertain
surface undulations in the case of smaller
specimens.

The type material from the Liinneburger
Heide of Cyclotella minutula KUTz. (1844)
was examined by ROUND (1981) using mainly
scanning electron microscope (SEM). It was
transfered as an separate species to the

* This work was partly supported by a grant from
the Nissan Science Foundation.

genus Stephanodiscus by ROUND, although it
had been included in S. astraea as var.
minutula (KUTz.) GRUN. in VAN HEURCH
(1880-1883) and later in S. rotula as var.
minutula by Ross and SiMms (1978). This
taxon is strongly characterized by the valves
with conspicuous central elevation or depres-
sion as seen in ROUND’s Figs. 19-23 besides
other features.

On the other hand, Stephanodiscus parvus
SToERM. & HAK. (1984) is the youngest
taxon which was newly named based on
the original materials from which invalid
GRUNOW’s S. hantzschii form. parva was
named only in his note book. This name
was published later by CLEVE and MOLLER
(1877-1882, slides Nos. 265, 266, examined by
GRUNOW from Ceyssal, Puy-de-Déme. France.)
As seen in Figs 5-8 of STOERMER and
HAKANSSON (1984), this taxon is character-
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ized by the flat or almost flat valve faces.
However when we kept an eye on the fea-
tures other than the undulations of the valve
face, S. minutullus and S. parvus seemed to
be quitei dentical in valve structure. It
has been suggested by HAKANSSON that
“the difference between S. parvus and
S. minutullus can sometimes be very
difficult, because it is not always possible to
see if the valve is flat or not.” (pers. letter
to H. KoBAYASI on 6th Feb. 1985). In order
to clarify the relationship between these two
taxa, comparative studies were carried out.

Materials and Methods

Materials used were collected from the
following locations 1) Bottom mud in small
lake Hime-numa (pH. 7.7, wt. 15°C, salinity
0%0) in Rishiri Island, northern Hokkaido on
25th Aug. 1984, K-1950. 2) Bottom mud in
brackish lake Oo-numa (pH. 8.5, wt. 17°C,
salinity 9%.), northern Hokkaido on 25th
Aug. 1984, K-1954. 3) Plankton in lagoon
Hachiro-gata (pH. 7.5, wt. 12.8°C, salinity
56.8 mgCl//), Akita Prefecture on 4th Oct.
1985, N-1005. 4) Plankton in the estuary of
the Naka-gawa (pH. 7.0, wt. 14°C, salinity
18%o), at the Shiodome Bridge on 9th Nov.
N-935.

Materials were cleaned by ultraviolet radia-
tion which was very effective in cleaning
without destroying the weakly silicified
structure, or cleaned with sulfuric acid and
potassium dichromate, followed by washing
with distilled water. SEM and TEM ob-
servations were made using a JEOL F15 and
a JEOL 100B respectively.

Results

Observations of the specimens that can be
identified either as Stephanodiscus parvus or
as S. minutullus using a light microscope
showed fully similar appearance with regard
to the valve view. Valves are seen almost
flat in the most abundant size, being 7-10 pm
in diameter (Figs 1-3, 11, 12) except the
extremely larger ones, up to 15 gm in dia-

meter in that the centric undulation of the
valve face is always evident (Figs. 14, 15).
However, as shown in Fig. 13, the undula-
tion of the valve face is clearly noticed in
small specimens in a oblique view. Facicles
are a single row at the center and obscurely
biseriate at the periphery of the valve and
the central region appears to have randomly
arranged puncta. A short spine occurs at
the end of nearly every interfascicle and by
downward focusing, it is possible to see that
the marginal strutted process occurs as a
dot every 3rd to 6th interfascicle just below
the spines (Figs 1, 3, 11, 14). At the cen-
ter of the valve, the rosette-like structure
is inconspicuous. This structure is called
rosette or rosette-like structure by LOWE
and CRANG (1972), STOERMER and HAKANS-
SON (1983), annulus by STOSCH von (1977),
and pattern center by MANN (1984), as seen
in Stephanodiscus invisitatus HOHN & HELL.
(KoBayaAsI and INOUE, 1985) and S. hantzschii
form. tenuis (HUST.) HAK. et STOERM. (1984)
(KoBASYAI et al. 1985). The central strutted
process is also less conspicuous at the same
level focusing with the striae of the fascicles
due to its depth.

Valves with a flat face are shown in Figs
1-10, and the diagramatic representation of
the features is shown in Fig. 5. The mar-
ginal spines occur at the end of each inter-
fascicle and the marginal strutted processes
are placed very close to the spines they sub-
tend (Figs 5b, 6). The valve mantle is very
shallow. Each stria, a row of pores, on the
mantle is composed of three to four pores
and only one or two pores just beneath the
marginal strutted process. It reaches to the
valve edge as an extention of each stria
forming fascicles (Fig. 4). The pores sur-
rounding each marginal strutted process and
spine are arranged radially forming an
asteroid mark (Fig. 6 double arrow). This
arrangement is conspicuous in the moderately
or lightly silicified valves (Fig. 6) but ob-
scured in the heavily silicified ones (Fig. 8).
The structure of valve varies markedly
depending on the degree of silicification.
In the lightly silicified specimens the exterior
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opening of each pore is more or less broad
(Figs 6, 10 arrow). In the more heavily
silicfied ones, it is reduced in size and tends
to be partially occluded externally (Fig. 8).
Each areola of both types of valves is oc-
cluded by the domed cribrum internally
(Figs. 9, 10). A single strutted process with
two struts is generally seen towards the

(S
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center of the valve (Figs 4, 7 arrow). A
single marginal labiate process occurs on a
interfascicle in the nearly opposite direction
to the central strutted process, at nearly the
same level with the marginal ring of spines
(Figs 7 double arrow, 9 arrow). The external
opening of the single marginal labiate process
is tubular in moderately silicified valves (Fig.
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6 arrow head) and is variously modified spine
shape in heavily silicified valves (Fig. 8
arrow). They are all open in place of a
marginal spine and the longitudinal slit of
the process is situating obliquely to the
radial axis in a different degree internally
(Figs 7, 9). )

Valves with an undulate face are shown in
Figs 11-22. As seen in the figuers, undulate
valves seem to be more heavily silicified than
flat ones. However, the other features
such as the fascicles, interfascicles, central
strutted process, marginal strutted process,
marginal labiate process, striation on the
mantle, and the areolar structure of the pore
are completely identical with that of flat
valves as shown in Figs 1-10. It appears to be
a continuous series of gradations in degree of
undulation of the valve face in all materials
collected from different locations. In order
to visualize a variation in a single popula-
tion, a series of gradations in degree of cen-
tral elevation is shown in Figs 23-28, from
flat valve (Fig. 23) to slightly (Figs 24, 25),
moderately (Figs 26, 27) and strongly undu-
late valves (Fig. 28). In these figures varia-
tion in silicification can also be seen from a
moderately silicified valve (Fig. 23) to the
most heavily silicified one (Fig. 28).

Discussion

Small and tiny diatoms, with circular valves,
of the genus Stephanodiscus are distributed
worldwide in rivers, lakes, lagoons and reser-
voirs and often constitute the major com-
ponent of the plankton (ROUND 1981). How-
ever, there is serious confusion in identifica-
tion among these species mainly due to their
co-occurrence at almost all habitats, mor-
phological resemblance and inadequacy of
the light microscope observations. Moreover,
almost all of these species are strongly
polymorphic as already pointed out by ROUND
(1981) on S. minutullus, STOERMER and
HAKANSSON (1984) on S. parvus, KOBAYASI
and INOUE (1985) on S. invisitatus, HAKANS-
SON and STOERMER (1984) on S. hantzschii,
KoBAYASI et al. (1985) on S. hantzschii,
form. tenuis. In the present studies both flat
and undulate valve types co-occurred in all
materials examined.

Due to the above mentioned disadvantages,
taxonomy of the group has strongly been
left behind until observations of the type
materials using mainly scanning electron
microscope were carried out in detail especi-
ally with regard to some important classical
species (ROUND 1981, STOERMER and HAKANS-
SON 1984, HAKANSSON and STOERMER 1984).
However, there seems to still remain minor

Plate 1. Figs 1-10.

Stephanodiscus minutullus (Kutz.) Rounp with flat or afmost flat face.

Hime-numa unless otherwise noted. Fig. 1. Valve view in lower focus showing marginal strutted

process and the marginal labiate process (arrow) LM x2000.

Figs 2, 3. Valve views in upper

and lower focus of the same specimen showing the central strutted process appeared as black and
white dots (arrows) LM x2000 (bar=10 gm). Fig. 4. Valve view of heavily silicified valve show-
ing the interfascicular thickening and a central strutted process with two struts TEM x 7000 (bar=
1 pm). Fig. 5. Diagramatic representation of the exterior valve structure. a. marginal spines
b. marginal strutted processes, c. vertical slit-like marking of the flange, d. outer opening of the
labiate process, e. areolar rows on the valve mantle, f. flange, g. central strutted process, h.
pattern center, i. interfascicles, j. fascicles, k. asteroid arrangement of pores. Fig. 6. Outside
view of valve showing central strutted process (arrow), marginal strutted process, external open-
ing of the labiate process (arrow head) and pores forming asteroid mark (double arrow) SEM
x9300 (bar=1pm). Fig. 7. Inner view of valve showing the central strutted process with two
struts (arrow), and marginal labiate process (double arrow). Oo-numa. SEM x7500 (bar=1 gm).
Fig. 8. Enlargement of valve margin showing the outer opening of the labiate process (arrow)
SEM X 20000 (bar=1 gm). Fig.9. Enlargement of inner valve margin showing the marginal strutted
process with three struts and labiate process (arrow). SEM x20000 (bar=1 gm). Fig. 10. Inner
view of broken valve showing the areola with broad exterior opening (arrow). SEM x40000 (bar
=0.1 pm).
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Plate 2. Figs 11-22.  Stephanodiscus minutullus (Ki'rz.) Rounp with undulate face. Hime-
numa. Figs 11, 12.  Valve view. LM x2000 (bar=10 m). Fig. 13. Oblique view of frustle.
LM x2000. Figs 14, 15. Valve view in lower and upper focus of the same valve. LM x2000.
Fig. 16. Oblique view of heavily silicified valve. TEM %8000 (bar=1 zm). Fig. 17. Enlargement
of domed cribrum occluding areola, with perforations in a hexagonal array. TEM x60000 (bar=
0.1 pm). Fig. 18. Outside view of heavily silicified and slightly undulate valve. SEM x 6800 (bar
=1pm). Fig. 19. Inside view of valve showing the central strutted process with two struts
(arrow) and marginal labiate process (double arrow). SEM x6300 (bar=1 ym). Fig. 20. Enlarge-
ment of valve margin showing the outer opening of the labiate process (arrow). SEM x 20000
(bar=1pm). Fig. 21. Enlargement of inner valve margin showing the marginal strutted process
with three struts and the labiate process. SEM x20000 (bar=1gm). Fig. 22. Inner view of
broken valve margin showing the areolae occluded by flaps externally and the domed cribra in-
ternally. SEM x 40000 (bar=0.1 zm).
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Plate 3.
minutullus (KuTz.) Rounp. Hime-numa bar=1 pm.
SEM x7800. Figs. 24, 25. Slightly undulate valves. SEM
undulate valves. SEM x6600 and SEM x6200.

valve. SEM x7000.

confusions. In the three light microscopical
photographs of STOERMER and HAKANSSON
(1984) taken from the type materials of S.
parvus, Fig. 1 seems to be a specimen with
an undulate face and Fig. 2 also seems to be

Figs 23-28. A series of gradations in degree of central elevations of Stephanodiscus

Fig. 23. Flat and mediately silicified valve.

x7500. Figs 26, 27. Moderately
Fig. 28. Strongly undulate and heavily silicified

S. tnvisitatus. Only Fig. 3 seems to be S.
parvus. Careful observations on scanning
electron microphotographs lead us to con-
firm the above assumptions. Valves of their
Fig. 4 and 11 may be identifiled as S,
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invisitatus mainly from the finer structure
and the relatively broad mantle. Fig. 9 may
be identified as S. minutullus from its con-
spicuous central elevation and Fig. 10 also
can be identified as S. hantzschii form. tenuis
from the lack of the central strutted pro-
cess and the finely striated broad mantle.
A little difference can be noticed between
RounD’s (1981) description and our observa-
tions of the Japanese specimens about the
number of the struts surrounding the interior
tube of the marginal strutted process. ROUND
stated in the legend of his Fig. 24, that “there
are two open tubes on either side of the
central tube of the fultoportule.” However,
we could not find any specimens possessing
two struts. The type materials from Liin-
neburger Heide examined by ROUND have
been strongly eroded and protrusions such
as exterior and interior tubes and struts of
the marginal strutted process, marginal
spines and domed cribra occluding areola
internally are all missing. The strutted
process shown in ROUND’s Fig. 24 seems
to us to be surrounded by three struts,
two visible and a hidden underside one, judg-
ing from the upside location of the two struts
on the two corners of a triangle. The
other features of the type specimens are
quite identical with those of our specimens.

Thus, our specimens as well as S. parvus
and S. minutullus are all considered to be
conspecific with each other; then this taxon
would have to taken following synonymy :

Stephanodiscus minutullus (KUTz.) ROUND.
Arch. Protistenk. 24: 462, f. 19-24. 1981.

Basionym: Cyclotella minutula KuTz. Bacil-
larien 50. pl. 2, f. 3. 1844.

Synonyms: Stephanodiscus perforatus GEN-:

KEL et KuzMIN Bot. Zhr. 63: 1310. pl. 3,
f. 1-9. 1978.

Stephanodiscus parvus STOERM. & HAK.
Nova Hedwigia 39: 505. 1984.
Stephanodiscus astraea var. minutula (KUTZ.)
GRUN. in V. HEURCH, Syn. Diat. Belg.
pl. 95, f. 7-8. 1882.

Stephanodiscus rotula var. minutula (KUTZ.)
Ross & SiMs Bacillaria 1: 152, 1978.
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Analysis of cellulose microfibril arrangement patterns in the cell wall
of new spherical cells regenerated from Boodlea coacta (Chlorophyceae)

Kazuo OxupA and Shun MizuTa
Department of Biology, Faculty of Science, Kochi University, Kochi, 780 Japan

Okupa, K. and Mizuta, S. 1985. Analysis of cellulose microfibril arrangement patterns
in the cell wall of new spherical cells regenerated from Boodlea coacta (Chlorophyceae).
Jap. J. Phycol. 33: 301-311.

The three microfibrillar orientation patterns, meridionally-oriented, counterclockwise-
oriented spiral and clockwise-oriented spiral patterns were found in the spherical cell walls
of Boodlea coacta, by analyzing the replicated microfibril arrangements of cell walls. These
patterns changed successively with the formation of microfibrils from each pole toward the
cell equator indicating high polar dependency. In regard to change in the orientation of the
microfibrils, a specialized fibril arrangement as a fountain-like structure was occasionally
observed in the polar region and other parts of the spherical cells. This structure at each
pole was small and fibrils dispersed widely as a curve to form a new layer. In other parts
of spherical cells, this structure occupied a larger area and new fibrils extending from it
were noted to change their orientation almost unidirectionally so as to form a multifibrillar
layer. Microfibril changes in Boodlea generally recognizable by the presence of this
fountain-like structures were not related to the direction of peripheral microtubule arrays
and not affected by colchicine treatment, and it was considered that this structure might
possibly provide some clue as to clarification of the mechanisms of polar-dependent changes

in microfibril orientation.

Key Index Words: Boodlea coacta; cell wall deposition; microfibril arrangement

pattern; microfibril orientation.

As described in the previous paper (Mizu-
TA et al. 1985), spherical cells from the pro-
toplasm of the coenocytic green alga, Boer-
gesenia forbesii, generate a cross-polylamel-
late cell wall beneath the initially regenerated
matrix-rich layer. Microfibrils constituting
the adjacent multifibrillar layers cross each
other at almost right angles, as was also
noted in the thallus wall (MizuTA and WADA
1981) and show high polar dependency.

Similar types of polar-dependent microfibril
arrangements in spherical or spherical-like
cells have been demonstrated in Valonia
(PRESTON and KUYPER 1951) and some other
green algae (WILSON 1951, ROBINSON and
PRESTON 1972). In Valonia, microfibrils are
arranged longitudinally and transversely with
the cell axis and a obliquely-arranged fibril
group lies between the two adjacent micro-
fibril layers. Cells in these algae usually

have two poles, one on each side and micro-
fibrils regenerate from both poles toward the
equator (MIZUTA et al. 1985).

The microfibril arrangement at the polar
region may induce orientation of polylamel-
lated microfibrils. In Glaucocystis, fibril ar-
rangement throughout the entire cell is
determined by fibril orientation at the fibril
formation center at each pole (WILLISON and
BrowN 1978). In newly-formed spherical
cells from Boergesenia, fountain-like fibril
structures appear at each pole and micro-
fibrils are deposited alongside these struc-
tures (MIZUTA et al. 1985). Microfibril orien-
tation in polar areas may provide important
information as to the regulatory mechanisms
of microfibril orientation throughout an entire
cell.

Preliminary experiments showed that the
cell walls of newly-developed spherical cells
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from the protoplasm of Boodlea coacta
(DICKIE) MURRAY et DE TONI were composed
of matrix-rich and thick fibril-rich layers.
Although the microfibrils in the fibril-rich
layers crossed each other, the fibrils in the
polar area showed a wide variety of patterns.
For an understanding of the morphological
sequence of pattern changes in microfibril
orientation for elucidation of the control
mechanisms of the microfibrils, microfibril
arragement patterns in the spherical cell
walls in Boodlea were examined and change
in a microfibril orientation was discussed.

Materials and Methods

Formation and culture of new cells: Boodlea
coacta was cultured for about three months
at 25°C under a 14 hr light and 10 hr dark
regime. The culture medium was the same
as that used in Boergesenia (MizUTA and
WapA 1981). When vegetative thalli were
cut into small pieces on a stainless steel sieve
(125 mesh) previously submerged in the cul-
ture medium, protoplasm flowed down through
the mesh and became many spherical pro-
toplasm bodies after about 2 hr at 25°C. The
protoplasts were refiltered through sieves
(125 and 170 meshes) and cells 88 to 125 yum
in diameter were cultured for one to two days
in a petri dish (110X25 mm) containing 100
m/ of culture medium under light (4 W/m?,
white fluorescent tubes of Toshiba FL 40 SD
were used) or in the dark at 25°C.

Fluorescence microscopy: To confirm the
presence of a cell wall regenerated about the
protoplasts, a fluorescence microscope (BH2-
RKF, Olympus, Tokyo) was used. Cells
cultured for various periods of time were in-
cubated in 0.1% Kayaphor A. Conc (Nippon
Kayaku, Co. Ltd, Japan), a bistriazinyl-
aminostilbene derivative, a fluorescent bright-
ener for p-hexapyranosyl polysaccharides
which is excited by 365 nm UV. After about
5 minutes incubation, the cells were placed
on a glass slide and observed under a mi-
Croscope.

Electron microscopy: Preparation of cell
wall materials for replica is shown in Fig. 1.

&
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Fig. 1. Diagram of the preparation of cell
wall materials for replicated specimens. The new
Boodlea cell cultured for 1-2 days was placed in
a drop of culture medium (a) and cut with a fine
razor (b). After the contents were removed with
a small syringe (c), both wall pieces were cut
open (d, ¢) and mounted on acetylcellulose film

6.

1

First, a cell contained in a drop of culture
medium was placed in a plastic petri dish
and cut into two pieces with a fine razor.
The contents were removed with a small
syringe and both small pieces were cut open,
mounted on acetylcellulose film with the
inner surface of the wall facing upward.
The walls were washed three times with
distilled water, dried, shadowed with Pt and
coated with carbon at 2x107*Pa. The
samples thus obtained were put into 70%
sulfuric acid for 3 days at 60°C, washed with
distilled water and placed on Formvar-coated
grids.

For freeze replication, EE-FED B2 freeze
etching apparatus was used, as described
previously (MIZUTA et al. 1985). All samples
were observed with a JEM 100U electron
microscope (JEOL Ltd. Tokyo).

Results

Cell wall development and growth of new
Boodlea cells: Fig. 2 shows protoplasts from
the protoplasm of Boodlea. Cell walls re-
generated about the cell surface within 3 hr
of culture at 25°C. The walls gradually
thickened and could be clearly seen by the
fluorescence of Kayaphor A Conc excited by
ultraviolet light at 365nm (Fig. 3). After
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I

Fig. 2. Protoplasts regenerated from the protoplasm of Boodlea.

ST Y

Fig. 3. New cells of Boodlea cultured for 1 day at 25°C following formation of proto-

plasts. After Kayaphor A.
fluorescence microscope.

Conc (0.1%)

treatment, the cells were observed under a

Fig. 4. New cells of Boodlea cultured for 3 days under continuous light at 25°C. Both
rhizoid (R) and thallus (T) developed on opposite side of the cell.

Fig. 5. Cross sectional view of a new Boodlea cell wall cultured for 24 hr at 25°C.
MRL, matrix-rich layer consisting of randomly-oriented microfibrils and an amorphous matrix.
FRLs, fibril-rich layers consisting of regularly-oriented microfibril layers. The wall was
shadowed with Pt-carbon following removal of the embedded resin.

about 3 days of culture under continuous
light, a thallus and rhizoid protruded from
each side of the cells and grew continuously
(Fig. 4). A cross sectional view of the new
cell wall was similar to that of Boergesenia
and consisted of an outer surface matrix-
rich layver (MRL) and inner fibril-rich layers
(FRLs) (Fig. 5). The microfibrils in the
FRLs were assumed perpendicular and parallel
to the cut surface of the cell, but the ar-
rangement of microfibrils throughout the
entire cell could not be clearly seen. The
microfibril arrangement of a replica taken
from the inner surface of the wall was then
analyzed. Microfibrils constituting the up-
permost and underlying layers were traced

in a whole replica and the fibril arrangement
of the inside surface of a wall could thus be
reproduced.

Microfibril orientation patterns in the spher-
ical cells: ‘The microfibril orientation pat-
terns in the new round cell were generally
of three types: (1) meridionally-arranged
microfibrils (Fig. 6), (2) counterclockwise-
oriented spiral (dotted lines in Fig. 7) and
(3) clockwise-oriented spiral patterns (solid
lines in Fig. 7).

In type 1, radially-arranged microfibrils
from each polar region (P in Fig. 6) toward
the equator densely covered the underlying
helically-arranged fibril layer (a in Fig. 6).
At each pole, there were several fountain-
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Figs 6-8. Microfibril arrangement of new Boodlea cell wall replicated from the inner
surface of walls. Solid lines show the major fibril orientation on the inner surface of wall
layers covering older layers (dotted lines). 6. Typical patterns of microfibril orientation
of meridionally-arranged microfibril layers; 7. Typical patterns of helical arrangement of
striations; 8. Complex fibril arrangement showing transitional steps in layer formation.
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Fig. 9. Fountain-like structures (arrows) in a polar area.

of the wall were shadowed with Pt-carbon.

Replicas taken from the inner surface
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Fig. 10. A replica showing a typical microfibril layer cross pattern.

like structures (arrows in Fig. 9) quite similar
to those of Boergesenia (M1ZUTA et al. 1985).
Microfibrils, dispersed in the fountains,
changed their orientation and generated
toward the equator to form a layer such as
that in the case of fibril deposition in
Boergesenia (MizUTA et al. 1985). Meridio-
nally-arranged fibrils with completed deposi-
tion were shown in b-f of Fig. 6. The
fibrils were arranged quite orderly from pole
to pole (P in Fig. 6) as indicated in the
diagrams of replicas taken from paired
hemispheres (e and f in Fig. 6). In cells
which generated thick layers by the pre-
sumed high activity for wall deposition,
meridional lines passing over and covering
the poles could sometimes be seen (¢ and e
in Fig. 6) and in this case, poles with radially-
arranged microfibrils were not clearly visible.

Typical microfibril arrangement patterns
of types 2 and 3 were shown in a and b of
Fig. 7. The microfibrils were deposited so
as to form either a counterclockwise (dotted
lines) or clockwise helix (solid lines) layer
extending from each polar region toward the
equator. The mode of formation was always
the same, the counterclockwise helix being

generated first and then the clockwise helix
to give rise to a typical crossed pattern of
polylamellate fibrils (Fig. 10). The slope of
each helix varied, always steep for the coun-
terclockwise helix but relatively gentle for
the clockwise helix. These layers were more
predominant in one polar area than the other,
as shown in the fibril tracings of paired
hemispheres (¢ and d in Fig. 7). Thus fibril
formation proved to occur more at one pole
than another.

There were many complex patterns con-
sisting of helix and straight microfibrils in
addition to the three mentioned above. These
may possibly represent transitional steps in
microfibril configurations such as the follow-
ing: orientation change from a meridional
to counterclockwise helix arrangement (a and
b in Fig. 8), change from a clockwise helix
to meridional arrangement (¢, e and f in Fig.
8) and change from a counterclockwise to
clockwise helix (d in Fig. 8). In these steps,
fountain-like structures could be seen in both
the polar and other regions. Those situated
far from the polar areas were long and fibril
orientation change generally occurred on the
part of orderly arranged multifibrils (Fig. 11);
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Fig. 11. Change in microfibril orientation in a multifibrillar layer with reversed fountain-like
structure. Arrow A, orientation direction of microfibrils in a multifibrillar layer. Arrow B, orien-
tation direction of a new layer with curved configuration.

Fig. 12. Diagramatical representation of pattern change in the microfibril orientation of a new
Boodlea cell wall. a, formation of meridionally-oriented fibril layer; b, formation of counterclock-
wise-oriented spiral layer; ¢, formation of clockwise-oriented spiral layer; d, meridional-oriented
layer formation, the same as in a.
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new fibrils of the unidirectionally-arranged
fibril layer (direction of formation shown by
arrow A) changed their orientation almost
uniformly, curving essentially in the same
direction (arrow B). Following these changes,
new fibrils were deposited along a line ex-
tending from one pole to the equator in a
polar dependent manner and in rare cases,
fibrils passed through the equator and covered
the polar area on the other side of the cell
because of the excessive amount of wall-
forming activity in one polar area (paired
diagram of e and f in Fig. 8).

Based on the tracing patterns of micro-

fibrils in the new Boodlea cell, microfibril
orientation change and the process of cell
wall lamellation were represented in Fig. 12.
a-d showed the circulation route in the wall
lamellation. a showed the meridionally-
arranged multifibrillar layer; b, multifibrils
making up the counterclockwise helix ; ¢ those
comprising the clockwise helix and d, the
meridionally-arranged multifibrillar  layer
identical to that of a. Although each layer
was generated from two poles, the micro-
fibrils on one polar side predominantly con-
verged toward the other pole.

Relationship between microfibril arrange-

Fig. 13. Freeze-fractured plasma membrane of a new Boodlea cell showing both microfibril
(MF) and microtubule (MT) impressions. Cells cultured for 1 day at 25°C were freeze-fractured

and shadowed with Pt-carbon. EF, (outer leaflet)

protoplasmic surface of the membrane.

fracture face of the plasma membrane; PS,

Fig. 14. Replica of inner surface wall of a new Boodlea cell treated and not treated with
colchicine. Cells cultured for 1 day at 25°C were recultured in the presence or absence of colchi-

cine (2x107*M) for 1 day under continuous light.

a, colchicine treatment; b, control.



Microfibril arrangement patterns in Boodlea 309

ment and microtubule array and effects of
colchicine on microfibril arrangement: The
correlation between cell wall microfibrils and
peripheral microtubule arrangement was ex-
amined. In Fig. 13, microtubule impressions
(MT) which were quite similar to those of
Valonia macrophysa (ITOH and BROWN 1984)
were visible on the PS face of the plasma
membrane and microfibril impressions (MF)
were also evident on the EF face of the
membrane. In the figure, the microfibril
impressions were essentially parallel to each
other, but they were different from the
microtubule impressions in the manner of
their arrangement.

Fig. 14 showed the effects of colchicine on
the microfibril arrangement of a new Boodlea
cell wall. The lamellation of fibrils crossing
each other was not effected by 2x10*M
colchicine treatment (Fig. 14, a). The micro-
fibrils in each layer were generated in an
orderly pattern similar to that of control
(Fig. 14, b); no disorderly patterns could be
detected.

Discussion

In the present experiment, the arrangement
patterns of cellulose microfibrils in new
Boodlea cell walls were clarified by careful
observation and analysis of replicated micro-
fibril arrangements. A meridionally-oriented,
a counterclockwise-oriented spiral and a
clockwise-oriented spiral were the three pat-
terns found. These patterns successively
changed and fibrils generated from each pole
toward the equator in a highly polar depen-
dent manner (Figs 6-8). The direction of
microfibril formation may thus possibly be
regulated by cell polarity. Similar patterns
in the spherical-like cells of green algae have
also been reported in Boergesenia (MizZUTA
and WaDA 1981, Mi1zUTA et al. 1985), Valonia
(PRESTON and ASTBURY 1937) and Dictyo-
sphaeria (WILSON 1951). In this case, though
the patterns differed somewhat from each
other, fibril layer generation was under the
control of cell polarity.

The polarity of the new spherical cells of

Boergesenia has been reported to be induced
by blue light irradiation, causing a rhizoid
and thallus to develop (ISHIZAWA et al. 1979).
The data of our previous work (MIZUTA
et al. 1985) indicated the cell polarity to be
quite likely induced prior to FRL generation,
possibly during MRL formation, since the
microfibril arrangement in FRLs was polar
dependent and, therefore inducement of
rhizoid and thallus protrusion by blue light
may probably be due to changes in polarity.
In Boodlea protoplasts, prior to the forma-
tion of cross-polylamellated layers (FRLs),
cells developed a randomly-oriented fibril
layer and amorphous matrix (Fig. 5). Thus,
the cell polarity seems to develop before the
appearance of FRLs as noted in the case for
Boergesenia.

It was pointed out a considerable time ago
that there existed a correlation between
microfibril arrangement and the array of
peripheral microtubules (NEWCOMB 1969,
HEPLER and PALEvVITZ 1974). However, the
data of many reports contradicted such a
correlation (MILLINGTON and GAWLIK 1970,
MARCHANT and PICKETT-HEAPS 1972, ROBIN-
SON et al. 1972). In our previous paper on
Boergesenia (MizuTA and WapaA 1982),
change in microfibril orientation was not
effected by antimicrotubule agents. In Valonia
(IToH and BROWN 1984), no correlation has
been found between microfibril and micro-
tubule arrangement and this tendency was
almost the same in Boodlea (Fig. 13). Mor-
phologically, microfibril arrangement patterns
appeared essentially the same in both the
presence and absence of colchicine (Fig. 14).
Thus polar-dependent fibril arrangement and
changes in orientation may be independent
of peripheral microtubules in both Boodlea
and other siphonocladalean algae.

Changes in microfibril orientation in Boer-
gesenia have been recently reported to pos-
sibly depend on membrane fluidity (MizuTA
1985). This report assumed that microfibrils
formed adjacent to TCs (cellulose synthesiz-
ing terminal complexes) were floated partly
by membrane fluidity and that microfibril
orientation was controlled by the vectors of



310 Oxkupa, K. and MizuTa, S.

TC movement and membrane fluidity. This
was based on the fact that TCs at the time
of orientation change, always curved in es-
sentially the same direction and that in-
tramembranous particle density on the outside
of the curve was always greater than that
on the inside. Multifibrils in Boergesenia
always changed gradually as a curve, as was
noted for fountain-like structures (MIZUTA
et al. 1985) and this mode of orientation
change was almost similar to that of Boodlea
(Fig. 11). The curve of the fountain-like
structure may possibly arise from TCs whose
orientation changes gradually in the direc-
tion of the resultant force of the TC move-
ment and membrane fluidity vectors. For
an understanding of the regulatory mechanism
for changes in microfibril orientation due to
membrane fluidity, controlling of changes in
the direction of membrane fluidity itself must
be investigated.
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Effect of growth temperature on photosynthesis-temperature
relationships of a tide pool alga Cladophora rudolphiana
(Chlorophyceae)*

Nobuyasu KATAYAMA**, Yuko TOKUNAGA** and Yasutsugu YOKOHAMA®*#*

** Department of Biology, Tokyo Gakugei University,
Koganei, Tokyo, 184 Japan
*** Shimoda Marine Research Center, The University of
Tsukuba, Shimoda, Shizuoka, 415 Japan

KaTavyama, N., TokuNAGA, Y. and YokoHAMA, Y. 1985. Effect of growth temperature
on photosynthesis-temperature relationships of a tide pool alga Cladophora rudolphiana
(Chlorophyceae). Jap. J. Phycol. 33: 312-316.

Fronds of Cladophora rudolphiana (AGArRDH) HARVEY were collected from a tide pool
at the higher intertidal zone in summer where the water temperature exceeded 40°C and
they were cultured at 15, 25, 30 and 35°C for two months. The growth rate was highest
at 30°C. The optimum temperature for photosynthesis was 35°C in the frond grown at
35°C, while it was slightly higher than 30°C in that grown at 15°C, and was intermediate
in those grown at 25 and 30°C. The maximum photosynthetic rate was observed in the
frond grown at 35°C, and it was about three times higher than that observed in the frond
grown at 15°C.

The heat resistance, however, apparently decreased in the frond grown at 15°C. It’s
photosynthetic activity was completely lost with one hour exposure at 40°C and could not
be restored with incubation at 30°C, but the frond grown at 35°C retained it’s photosyn-
thetic activity under the same condition. The fronds grown at 25 and 30°C lost their
photosynthetic activity to some extent with one hour exposure at 40°C, but they could
recovered their activity with incubation at 30°C.

These results indicate that Cladophora rudolphiana is a species which is well adapted

to high temperatures.

Key Index Words: Cladophora rudolphiana; heat resistance; photosynthesis; Pro-
ductmeter ; seaweed ; temperature; tide pool.

Photosynthesis-temperature relationships in
photosynthetic organisms are considered to
be closely related to the temperature regimes
of their habitats. YOKOHAMA and his col-
leagues confirmed this hypothesis for many
seaweeds by comparing the photosynthetic
characteristics of their fronds collected from
different habitats or in different seasons
(YokoHAMA 1971, 1973, HATA and YoOko-
HAMA 1976, MIZUSAWA et al. 1978).

There seemed to be a general tendency for

* Contribution from the Shimoda Marine Research
Center, No. 456.

algal species distributed in the warmer sea
area or found in summer, to be more heat
resistant than those distributed in the colder
sea area or found in seasons other than
summer. Physiological differences found
among the fronds collected from natural
habitats, however, cannot be considered as
purely genetic, since the characteristics of
an organism are variable and are affected by
environmental factors. Therefore, a genetic
character of a species should be determined
by comparing the physiological characteristics
of the same species from different environ-
ments,
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The present study was planned to compare
the photosynthesis-temperature relationships
in the fronds of a seaweed cultured at differ-
ent temperatures. The species used as the
material was Cladophora rudolphiana, which
seems to be extremely heat resistant because
it is abundant in tide pools at the higher
intertidal zone in summer, where the water
temperature often exceeds 40°C.

Materials and Methods

The algal fronds were collected in July,
1983, from a tide pool at the higher inter-
tidal zone in Nabeta Bay near the Shimoda
Marine Research Center, the University of
Tsukuba. The fronds were cultured in 90
X 100 mm culture dish containing 400 m/ ster-
ilized Jamarin artificial seawater, Jamarin
Laboratory Co. Ltd., Osaka, at 30°C for
three months to increase the fronds, and
then at 15, 25, 30 and 35°C for two months
under a light intensity of 7 klux provided
with 12:12hr L:D cycles by white fluores-
cent light. The seawater was replaced every
seven days during culture.

Growth rate of the alga was estimated
from increment in fresh weight every week.
Prior to the measurement of fresh weight,
the algal fronds were transferred to centri-
fuge tubes into which cotton wool was
packed, and the residual seawater was re-
moved by centrifugation.

The rate of algal photosynthesis and re-
spiration were measured with a Productmeter,
a differential gas-volumeter, devised by Yo-
KOHAMA and ICHIMURA (1969) and subse-
quently improved by YOKOHAMA et al. (1985).
The reaction and compensation vessels were
of Warburg type and of about 40 m/ capacity.
About 0.3 g fresh weight of frond was placed
in the reaction vessel with 10m/ of the
artificial seawater. When the photosynthetic
rate was measured, the frond was irradiated
with light of 30 klux, regarded to be suffi-
ciently intense to saturate the photosynthesis
of the frond under ordinary conditions.

Results

Table 1 shows the growth rates of the
fronds of Cladophora rudolphiana at different
temperatures. They were examined during
the last one month in the culture period of
two months. The growth rate was highest
at 30°C among the temperatures examined.

After the fronds had been cultured at
various temperatures for two months, photo-
synthesis-temperature relationships were de-
termined in each frond. Fig. 1 shows the
net photosynthesis- and respiration-tempera-
ture curves obtained from the fronds grown
at 15, 25, 30 and 35°C. As can be seen in
the figure, the photosynthetic property of
this alga was changed slightly by the growth
temperature. The optimum temperature for
photosynthesis was 35°C in the frond grown
at 35°C, while it was a little higher than
30°C in the frond grown at 15°C. The
optimum temperatures in the fronds grown
at 25 and 30°C seemed to be intermediate.
The maximum photosynthetic rate increased
with increase in growth temperature within
the range examined (15-35°C). That rate
of the frond grown at 35°C was about three
times higher than that of the frond grown
at 15°C.

Heat resistance was apparently different
among the fronds cultured at different tem-
peratures. The frond grown at 15°C lost
not only photosynthetic activity but also re-
spiratory activity with exposure at 40°C for
several minutes, while the fronds grown at

Table 1. Growth rates of the fronds of
Cladophora rudolphiana during culture at 15,
25, 30 and 35°C in an artificial seawater,
Jamarin S, under a light intensity of 7 klux
provided with 12: 12hr L: D cycles by white
fluorescent light.

Growth Percent increase in
temperature (°C) fresh weight per month (%)
15 175
25 280
30 470

35 200
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25, 30 and 35°C retained both activities under
the same heat exposure (Fig. 1). The photo-
synthetic machinery of the fronds grown at
25 and 30°C seemed, however, to be more
or less injured at 40°C. Restoration of the
photosynthetic activity after exposure at
40°C for one hour was examined at 30°C
for each frond. As shown in Fig. 2, neither
the photosynthetic nor respiratory activity

Net photosynthesis- and respiration-temperature curves in the fronds cultured at
15, 25, 30 and 35°C. Light intensity was 30 klux.

of the frond grown at 15°C was recovered,
while the photosynthetic activities of the
fronds grown at 25 and 30°C were com-
pletely recovered after 20 hr and 3 hr, re-
spectively.

Discussion

From the result that the growth rate of
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Fig. 2. Time courses of restoration of photo-
synthetic activity of the fronds at 30°C after they
were exposed at 40°C for one hour. The tem-
peratures in the figure are those at which each
frond was cultured. 100% represents the photo-
synthetic rate in each frond before the heat
treatment.

Cladophora rudolphiana was highest at 30°C
among the temperatures examined, this alga
can be regarded as a species which is well
adapted to a high temperature. Actually
this alga is abundant in summer in tide pools
where the water temperature often exceeds
40°C.

It is remarkable that the optimum tem-
perature for photosynthesis was higher than
30°C even in the frond of this alga grown
at 15°C, while it was reported to be about
15°C in most of green algae collected from
the other habitats in Nabeta Bay in winter
where the water temperature was about
15°C (YOKOHAMA 1971, 1973). The adaptive
property to a high temperature in this alga
is also indicated by the result that the maxi-
mum photosynthetic rate in the frond grown

at 35°C was about three times higher than
that in the frond grown at 15°C.

The variation in the optimum temperature
for photosynthesis was rather small among
the fronds grown at different temperatures.
Even between the fronds grown at 15°C and
35°C, the difference in the optimum tem-
perature was only a few degrees Celsius.
On the contrary, the heat resistance varied
remarkably among those fronds. The frond
grown at 15°C completely lost not only the
photosynthetic activity but also respiratory
activity with exposure at 40°C for one hour.
However, the photosynthetic activity of the
frond grown at 35°C was not affected with
the same heat exposure at all.

The shift in the optimum temperature for
photosynthesis and the variation in heat re-
sistance according to difference in growth
temperature, seem to be caused by different
mechanisms. The former is likely to be
caused by modification of the enzymic sys-
tems in the dark reaction of photosynthesis,
and the latter is likely to be closely related
to the change in fatty acid composition of
lipids or lipid phases of membranes (cf. SATO
and MURATA 1980, MURATA et al. 1984).
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Typification of Caloglossa ogasawaraensis OKAMURA
(Ceramiales, Rhodophyta)

Ryozo SETO

Research Institute, Kobe College, Nishinomiya, 662 Japan .

Key Index Words: Caloglossa ogasawaraensis ; Delesseriaceae ; Rhodophyta ; typification.

In the course of my study on the species
of the genus Caloglossa, it was noticed that
the typification of Caloglossa ogasawaraensis
is necessary to advence the taxonomic knowl-
edge. When OKAMURA (1897) described this
species, he mentioned in his protologue that
the specimen was collected from Ogasawara-
jima (Bonin Islands) by Mr. R. YATABE and
was preserved in the Herbarium of the Im-
perial University of Tokyo. I could not
locate in the herbarium of University
Museum, University of Tokyo (TI), the
specimen clearly indicated as the type of
this species. Three sheets of specimens in
the Caloglossa cover are of later dates and
I cannot take them into consideration for
typification. However, there is one specimen
in the Delesseria cover. This specimen
(Figs 1, 2) was collected in March 1879 from
Ogasawarasima, but has no indication of
collector’s name. On the label, a name of
Delesseria leprieurii Mont. was written and
also rewritten as polychotomaby an other hand.
My observation on this specimen shows that
the arrangement of cells of the leafy branch
(Fig. 3) is identical to the figure given by
OKAMURA (1897, fig. D). The second order
cell rows are consisted of 8-9 cells, each of
which gave rise to 3rd order cell rows.
Apical cells of these 2nd and 3rd order cell
rows attained at the margin. Other features
agree quite well with the description of OKA-
MURA. They are as follows : Leafy branches

This study was supported by a Grant-in Aid for
Fundamental Scientific Research from the Ministry
of Education, Science and Culture of Japan (No.
59540444).

are 3-5mm long, 0.5-0.9 mm wide, attenuated
towards both ends, not stipitate and some-
what undulate at the margin. The ramifica-
tion is dichotomous, but the two arms of
the leafy branches are not equal in their
size. One arm is often completely suppressed,
so that the ramification becomes frequently
pseudodichotomous. Secondary proliferated
leafy branches are exogenously formed at
the node and the internode from the lateral
cells of the marginal portion.

Another specimen in the OKAMURA her-
barium in SAP (Faculty of Science, Hokkaido
University) has some relevance here. This
has the label of “Ogasawarasima, March”
without the collector’s name and year of
collection.

Between these 2 specimens relevant to the
typification, those in TI (Fig. 1) seems sui-
table to be selected as the lectotype.

Later, OKAMURA distributed specimens
collected at Koyahagi-gawa, Prov. Mikawa
in July 1902 as no. 68 of his Algae Japonicae
Exsiccatae, Fasc. II. Good illustration and
description were given in his Icones (OKA-
MURA, 1908). The following localities were
added: Prov. Tosa, Atsuta in Prov. Owari,
River Sumida, River Yedo, Tokyo, River
Tone, Isohara in Prov. Hitachi.
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of second order consisting of 8-9 cells.
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Imao, K. and Fusuimi, H. 1985. Ecology of the eelgrass (Zostera marina L.), especially
environmental factors determining the occurrence of annual eelgrass in Lake Hamana-ko.
Jap. J. Phycol. 33: 320-327.

The distribution and seasonal changes of the eelgrass (Zostera marina L.) in Lake
Hamana-ko were investigated. The normal perennial eelgrass was distributed in the
southern part of the lake in which salinity was high, while the annual eelgrass was dis-
tributed in the northern part of the lake in which salinity was low. Seedlings of the
annual eelgrass were found from November to January, and grew rapidly in March. Flower-

ing occurred in April and May, and thereafter mature plants decayed.

It was suggested

that in Lake Hamana-ko one of the major environmental factors determining occurrence

of the annual eelgrass is salinity.

Key Index Words :

Distribution ; ecology ; eelgrass; seagrass; Zostera.
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BAMTIX, {3k, 7 ~-= (Zostera marina L.)
% [KXb], 27~% (Z. japonica ASCHERS. &
GRAEBN.) % 2B H ] EMFRLTED, ThbHD
Fz THBHL BB R ES] SEhsFE
Cenareflo@EhrabhTni,

B0 A DWIRI & AL AT 5 T[FH<] ik 3~
6 A ISEREL, TARASELMELTREEETTIL
BEAEREHT (RAWMKEZANFAZR 1959),
) (1968) 12, THELJ X7 == DE4LT, EFCE
F5HNBEOE L &L YT 2 D Tikiv s
EER I, S THEL L) REFETIEEV Vb
ATWBZER, TLRL] Lvbhd 72 DRHE

1) AW DT F O — i3 FERI545E B4 M
ERAEBEEER MRRBEKERKER X2,

2) BED: (WD) BARIERER S\ E L3S (907
-04 MEERAEMREAR 148).
(Present address: Japan Sea-farming Asso-
ciation Yaeyama Sea-farming Center, 148,
Oota, Fukai, Ishigaki-shi, Okinawa, 907-04
Japan)
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EHELTW3,

BAWOEMC, BREGAR, SEREHEESS X
VBB T—44 7 =< (annual eelgrass) O
NHREIRTWB (Fih 1984),

BHTR—FEET = BT B O OREND
%, KEDDY and PATRIQUIN (1978) i1 # 7 # ® Nova
Scotia T—HEET 2R RAL, TONM, MK
OHEFFRIEOWTER L, —FELEEEDT <D
RFRBRYIT > CREMHEBRYBE L, 2oE»%
< DWFE#E (DEN HARTOG 1973, FELGER and McRoy
1975, VERHOEVEN and VAN VIERSSEN 1978, BAYER
1979, pe Cock 1980, 198la, b, ¢, GAGNON et al.
1980, McMiLLAN 1983, PuiLLIpPs et al. 1983) 1z X
S T—FET 2RI hE#HLTHEELOND 7 <
ENHESh, BAC->TEREhB ISRk -7,

EHEOIZRAWCRST 2 EBEYREOTETT <
TRHETAIHLVCHREBLOT, S TRAMCE
%7 =05 L EHHRCOVTHN, EH—
FET 2 ORTBRCOWTERY T,



Occurrence of annual eelgrass in Lake Hamana-ko 321

KBROBER & AEFE

REBHOBER
RAEWIAMPREMALE L (34°45'N, 137°35'E),
BT 69 km?, FEEH 103 km DA TH D, W HILIE
200m DSy nCEMEEELE LT\ B, Fig. 1 iwRd
b EBECHROWT, EANEZRI LD ETHHED
TR D5, ¥oE WS E ERBIIED TE
<, BHEEREL o5, BABOBIFERILKIE 16m
T, MBEOMNBHOBRAKEL Tm s L 10m ¢
BH5, WOOKIEL0m FoEHEREx 1951~19524 1
10~13%TH »1ch', HnoOBEELTHED 19534
b ER LI U, 19645F12i316~1T%1 7 » 1 (T
## 1968),

REFHZE

TYE: REMLSBIzZHT 57 <=0 5MOMR %
BT B, 198054 Arpy s 5 AAICER EFH
SR X 5 AEY ER L

1979467 A 519804118 ¥ CE A 1 67 =~ =% %
R Uic, BAULSZ—F47 = eDEERKTHS Stn.
A (k% 3.5m), Stn. B ([§ 3.0m), Stn. C (@ 3.0
m) LHFEET v zOEKMTHS Stn. D (ki 1.5
m) D4 5 (Fig. 1) TH5, HIUL, AF . — K

BIE_ 138

0] N\

LAKE HAMANA-KO
v las'n
MAGIRE |
-GUCHI
PACIFIC OCEAN | . N Km

Fig. 1. Map showing locations of Lake
Hamana-ko and the sampling stations. The
eelgrass was studied at Stns. A-D. Water
temperature and chlorinity were measured at
numbered stations.

kb 50ecmx50cm DHHHAXBEL, BROT =
XM TEILF TR HTHETT 7, BRLL
7 =2 Pl0%DrL=Y K TEE LK ER
FCOMECHELE, Tihbdb, 1HEMEKT Lt
WOERX (BE: coTobEC—FBLV- e 7Yil%
HLTWBHEirLRBEVEDOEMET) 2REL,
EBI, FHAET Lceilybih EORTHILL
0cm ZEyil, HAxnEERYRELL, Zh
YBUBFEE LWL LT3, ok, LEED, H
Wth% B bh Lt RELIDOD, 80°C ©10043H]
BEIGHR L Th bRDI,

BiE: 7~ EPRTAIRA <, F &g
v —EURRE (REGERE 0.05m?) & Fu TIKIR% &
WL, WM, mBgRE (600£25°C ER) 1T
2Ll RaEE) LREL,

R R KERBRBRAMASC I VEA LETHA
TWABEBHOERED S b, KRELEFRECOWT,
19734Eh 519834 ¥ TOfEx AV T EE R BT B K
H2m BoESEL B L, ZOESBRNTIRS
Wi D 120F LN H B, FBRE TILHER
(Stn. 3, 4), %@y (Stn. 12), BAR 7 (Stn. 11),
Wk (Stn. 5, 6), A (Stn. 10) ds X OHEL#A
(Stn. 9) »8EA (Fig. 1) oBAfEEX AV, Th
LD 5%, Stn. 12 137 < e kEUtAED Stn. B iz
F—% L, Stn. 4 i Stn. D OEAHIE LTV 5,

® e

B4 7 =0 HME%Y Fig. 2 Rl 2hB
AOBHTIRT vl b-THHERETHY, B
WO, ERYELCRIBEETEREETCNREAL
B LTI Ly, Stn. D 58 % & il
DiTHET7 R, Kb ThbbSFEET T
Thotl, Btk Fh e /fHiTs7 v 2
Whd b TEL L] Thote, [FS ) DEEWER
Wi, (hACKDMEICAR BRI, MLH, BAMTIZ
WK D E DR DRk oT, TARB] LTED
< | OFEMNBRIET BBMLZ oM DI T

SAAER TAXG] Tt 1.5m TH-Teh’, &
DA CILAEEEN 2m HBLIE, DI D
SAAEGESTETH 1~5m T, BIERTHDR
2~3m TH-71

ot Stn. DESEC R bh s 7 =2k I K TR AR
SRBHETH D, LE (generative shoot) 34
<, BATEREEM D 4 A st B e (vegetative
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Fig. 2. Distribution of the eelgrass (shaded
“areas) in Lake Hamana-ko.

shoot) ELAFEfiOROHIL 4.1:1 THo1,
BaEbdtcabhs TFHL] oTEREL, &

[1cm

[5cm

/
A

EAETRVWBELDHD, B{TH S5ecm BETH -7,
EWIE—T, FEET 2~5mm THY, ERIRFE
BHOLDOTIZITHBENHRICS Lind, TERFCHS
e, BTRELAVTHCHLNT UADY,
Z. marina L. L% x bh3, [Hd <] ORERIE,
S OFEEFEL LA bhith - cht, EhicFig.
3DLd BB YHBLTWAES X bR, KEDDY
and PATRIQUIN (1978) 13, —FE4T7 ~EDORMEILS
EET 2 OETEKOBBERIT S LixTERL,
ERBRTVBEN, [HELL OBEIRAL ENE 2
5o [HELL) ORBOERISELE T~ I VESL,
BADL O 290 cm g Lic,

FHT(L: FEHLSEREAT v OB
i (50cmx50cm ¥b) FHLOFEHHEOFEHE
b zhZh Fig. 4 L Fig. 51, @BHBIFE% Fig.
6 WiRT, Stn. D @ (ARG ThebhbSHEET <2
Tk, 4 ACBER (67.6g (d.w.)/0.25m?) LHEER
(E5 99.5cm) Ak &ieh, BhEicproz9 - 10
RZADL5TH5, BAE » BEML4AZTATH 5,
4 B34S R ER S e, BHUREROTR
REZ Iy PRRTIRL B,

Fig. 3. Drawings of the annual eelgrass.
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Fig. 4. Seasonal changes in the aboveground Fig. 5. Seasonal changes in mean total
standing crop (g(d.w.)/0.25m2) of the eelgrass. length of the eelgrass. (O, Stn. A; A,Stn. B;
O,Stn. A; A,Stn. B; [0O0,Stn. C; @,Stn. D. 0,Stn. C; @, Stn. D.
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Fig. 6. Biomass diagrams of the eelgrass (g(d.w.)/0.25 m?-10 cm). Shaded diagrams
show mean values of the annual eelgrass, and open diagrams those of the perennial eel-
grass at Stn. D.
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Stn. A, B, C ¢izll « 128 = A ¥ Er»1 A bR,
chiz2 « SARBECHET S, 4 ¢ 5 AiBATE
CREELT, BEER BERLIBEKLAY, T0ER
WEL, EE (T~98) cREFsfr Rz &nt
Tt 4 ¢ 5 AiCi3, BATE « BRo»icBRIRER
12 100~150cm DB THRA LD, THFD L] BEE
PHETDZ ENVDT—FEET v ETH 5B,

R BREKERBRBRAMMHC L AKE &
FEOEABUERELRN TS L, REMZIELDT
BB DN DKIBOEERTH D Z Litbnb,
KE 2m B T-Cl £4 ¥ 75 a% Fig. T ©wt,
ThERs L, HadrbBBIEITRE > THEKD
FEINEL B0, MR TR LERRE L
fEEic>T b, BRIMOMLHCHEAMEERE, ¥
RIPE L OB (B, LAY H) RoEo0% L
F oK E A D,

Stn. 4 LR 4 M EOMCRES B TERE
CAEeENADRI, BMRFOERRL 4~9 A
EL, e, 8, 9 Aicik 14% RikTh 7, ML
¥ (Stn. 9) AW (Stn. 10) DEFREIL S LK

30

Aug. Aug.

Temp. °C

Y

Vo Stn 4 PRI BEET <2 NGH L, EREN
BV BRI REe B —EET7T v 2NHHLT
W3, DX, EEFOKRKE—FELET <EDS
HREZBHT LB LT3,

£F1, 2 Aok, Stn. 4 LR, FBEH &
Oilic# 5°C DXENRD -, BEFECIIFHEOMITIX
INENRRDBI BT TH-7h’, Stn. 4 DKEFEIRT
B 27.0°C, 8 B¢ 26.9°Cctharorst LT, Mk
e BHTIE 7,881 27°C 2L T\5, chit
EBTLHhBNERTRELETHS S, BTE - BEH
D 4,5 oOKEIT Stn. 4 LHRL B E DR
i LA EENRL, 4 AT 15°C, 5 BT 20°CT
@o’f’co

B OMBIRE & 2Bt ORER % Table 112
T, BMBEOHIT Stn. C TEWA, SEET <
QYK THS Stn. D THIFIEVETIZ/ch >
foo 2B b Stn. D TEWETH -7, REMARK
i3, Stn. D xR 0.074 mm LT b 5EEH
2Pt St A xR ErFIRThIcHET
iLish o7z (Table 2),

12 13 14 15

Cl %o
Fig. 7. T-Cl diagrams for the means from 1979 to 1983 at 2m depth. O, Stn. 3;

@,Stn. 4;

.,Stns. 5, 6, 11, 12; O, Stn. 9; A, Stn. 10.
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Table 1.
(July 1979-July 1980).

Ignition loss (I.L.) and total sulfide (T-S) of the sediment

Station LL. (%) T-S (mg/g(d.w.))
A 3.84+1.74 0.38+0.28
B 5.46+2.15 0.53+0.41
Cc 13.99+1.75 2.10+1.53
D 3.57+1.78 0.08+0.12

Table 2. Particle size distribution (%) of the sediment (mean for July 1979-July 1980).

Particle size (mm)

Station 2.0 0.84 0.42 0.25 0.105 0.074  <0.074
A 0.20 0.96 1.20 6.36 67.82 3.68 19.78
B 0.00 1.27 0.95 8.00 36.56 7.58 45.65
C 0.00 0.05 0.20 0.57 4.81 1.75 92. 62
D 0.00 1.32 272 18.90 56.58 5.86 14.61
% %® b EhicEBmiEs oo L5 AT Keppy and

7=k, EOBETFLREFLUTCHET S ETORE
ZHESCT, ThETORENS—IEKRO=2DEIC
HFBZ ENTES,

BT, RFRIERBIRBEETIRELTE
MEA T, 2EH TR ThUBRCBET»H
(SETCHELL 1929, JI|i%j & 1984) TH 5,

B2k, BRFRIEXRTLCHE BEL, F#E
HbHLTEETAE Mk 1933) ¢h 5, oL,
Mixi (1933) 13524 CRATE L CRBH L AT 50z
i, BRI AER (5 AR NHH
LRLT 5, BFRT7 ARECR#T 5 LEEhT
WBT EnD, SWMOBENSBET S LIXELT Y,
REBINERE UBET AR E, #EHLENEIRLT
LESBREMNBELTWETREEL DB EELDND,

831, FHFK L ERMTEMKY RBE S THTE
cREEL, BIHETHC L TXTHELTL
% 5% (KEpDDY and PATRIQUIN 1978), J7/chb—
FEETETH D,

RAHEO THEHLL 1k, ZhbHE20805 BT,
#H3DyowwzEYT 5, LiLl, KEDDY and PATRI-
QUIN (1978) 13 —4E4ET7 = BN FE oo BB/ I
Lign ERTW 5%, KBEREE SR LE-C
L3, REEHELTOZ LM Ev5 8T, MM
Te—FET T EELD, [HFLLJ 1L, ERBLL

PATRIQUIN (1978) D% i3V LE ST 5,

—EE 7 < 2R T B ADIITKRD & 5 IdlH
RETHB, £ LiTit, REEELEOBRLFET
B ETHD, RKIT, ZDE1 D&M LEECEGRT
B0, EFEAHERTHEHEANEL LB LRHEOFET
B HIL, RERLYFOEF L - TIFHALSE
BOFETH B, “hbD 5 bl Df&MEristh
—SEE T = 2 Eh b OFFEIRAE Uiel,

—E4 7 e ORTERIE, chETIZHL2On
#%F 5N T &7, KEDDY and PATRIQUIN (1978) i3,
EEOHHPELEDOKRDB VBN LELET v EDHR
TEWHL TV B LABRTVW B8, ThbidERET
REHTTEDR,

Alor (1980) i3, EBHESEET <D TELD
BARIZ DT, JBECIR S TEDRENE LBXT
Wb, BAMDO—HEET <D TEITBDTHEL,
SEEAT = 28T 5 Stn. D Tk, 2Rkt
DHE X b dTeh »fehl, HEMRBIC oM E X
hirEEREYRNTC LR TEharole,

—EE T w2}, XHChHbbhiliz LA LDBE,
EiEMTie 2TV (EBFCERTE) i bhT
Wb, WEBOEFEED 14% THhotcAS v 4D
fil (VERHOEVEN and VAN VIERSSEN 1978) #3 U
B, EAOHILFEERTWIEWAENATHAS £ E
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2 bh 5 (KEpDY and PATRIQUIN 1978, GAGNON
et al. 1980, PuiLLips et al. 1983) 13 Lg%\,
2—r , SOKEEREORKEONYE (brakish in-
land waters) O 7 < 23 —FEBEY THB LS
(Jacoss 1982), #iz, EHEMLT < T DRFLLYH
DEFRLEST, LOBEFHETH B FHH,
1950b, #%=E 5 1974, PHiLLIPS et al. 1983),

2L, ko7 <20 HIROBRTHEH Y 7
+ V=T ERRES L BEOEKR (27~32°C) TF
BoTbh, BITHC—FEET~s I »EET S
(PuiLLips et al. 1983), ZDAH Y 7 4L =TED 7
=ETI, BRFERREITHIHIHT McMiL-
LAN 1983, PHILLIPS ef al. 1983), ¢ L AEKE CH
#HEhic McMiLLan 1983), RO EERRAE
T, KEN—FEET <2 OFBELRTERE LT
WAHDhY Ly, Mk (1933) 13 HA&D Zostera
BoOMBRSMCOWTRRTW B2, Zoh T
DK & Zostera BONFHERRL, EE8 ADKRE
KR 27°C DN T == DNHOBERICIL > T\ 5 &
Liz, L2L, 8 AokiEH 30°C %2 2 5HEBCD
SEAET < ENHET D LaF (1950a) 133 LT
Wi, LT TREED S MM TEEETR TS Fk
1950b) ,

REWTIR, —FE7 ~x0HHREBEROEFXE
L4%RiE DEE MR LT L S —BL T i, T
BESVEREMO—FELET v ORI L FETHEE
REZExLDRDB, ZDEESIROKEL BEFC MK
(1933) 2MER L1 27°C % kA - Tk b, KEE—F
7 <EORILLOBFRLERTE Vv, LL, —
F4 7 < e OHBICHT 3 ESPLKROIERBFILS
BBRIhICHETH B,

E 23

AR 51T BIRHT & ¥ Lo THEEE o
&, B—F4£ 7 ~=OBEH LBRMICE v b
52 bICHEFUKERERBRBZ A HEEE R
HHMBEETD, T, BAECEROINEHE
HEIED b R R K ERBRSHRA NS RE (4R)

PR ik Lol B A MICE CRRMT 5, BBtofk

I, BB IS i (BF) B AREHEEDFERT OFR
KT CoBR Bl LEF3,

51 B X @&
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Okazaki, M. and Furuya, K. 1985. Mechanisms in algal calcification. Jap. J. Phycol.

33: 328-344.

Calcium carbonate deposition in the Haptophyta, Chlorophyta, Rhodophyta, Phaeophyta
and Charophyta is described from several points of view. Anatomical studies of many
calcareous marine algae have shown that calcification is initiated intracellularly (cocco-
lithophorids) or in a semi-enclosed space, i. e. in the intercellular space (Halimeda, Coral-
linaceae, Galaxaura, Liagora and Padina) or in a thickened cell wall (Acetabularia). A
carbonic ion-concentrating system is coupled with photosynthetic CO, fixation. An increase
in pH of the semi-enclosed medium is caused by photosynthesis, resulting in the formation
of carbonic ions from bicarbonate ions. Calcifications of Halimeda and Chara, and possibly
of most other algae depend on this process. A calcium-transport system is expected
to occur especially in intracellular calcification such as coccolith formation (coccolitho-
phorids), but no Mg?*-Ca?*-ATPase (Ca%"-pump) has been found in calcareous algae including
coccolithophorids. Calcium-binding substances such as acid polysaccharides in the intercellular
space or cell wall seem to play an important role in the polymorphism of the CaCO; de-
posited. A coccolith-polysaccharide of coccolithophorids and alginic acid of Corallinaceae
may form calcite characteristic of these algae in spite of the presence of Mg?" in the
medium. However, the aragonite-inducing property of Mg?* predominates in aragonite-
depositing marine algae (Halimeda, Acetabularia, Galaxaura, Liagora and Padina).

Key Index Words: Acetabularia; algae; calcification; calcium carbonate; Chara;
coccolithophorids ; Corallinaceae; Galaxaura; Halimeda; Liagora; Padina.
Megumi Okazaki and Kurazo Furuya, Department of Biology, Tokyo Gakugei

University, 4-1-1 Nukuikita-machi, Koganei-shi, Tokyo, 184 Japan.

BEOIATRBACLED CaCOs it T 5%
WL THIKE (Calcareous algae) LIFEh TV 5,
SEEANTE, B AEEER 7 E LE B
&, G% HERE fEcoWHPPrICESHLTE
h (BorowiTzKa 1977,1982a,b, PENTECOST 1980),
HEZBRrAZ LV EMBRT, ThEFhORK
B rhZhBBECARIET BN EE L 0L
Zxbhsd, Thbo@, flxE, &% vv ==
R, BEF AT VI REORKENHRTHEED
CaCOsi2, ¥ v THE BUC B /e 12814 b % (GOREAU
1963), %7, R OEBHCIEGAHEY Lo~ 7 1
OMEERIX, PERABRLORKEYHR L L%
2 bh T\ % (BLack 1965), & DHRICHIKEITARE

M b, IRLEMC b, BERLE®RE OB TH 5,

ZhbARKEDORKAEEYMET 51, Pl
& MAKIBEIANED X 51 LT, Cat R COs-
MR IhBREIhBh, (CaCos FERoKL b,
FOERYTAHMENTFET B, ol
THRY GGG, 73 VARVAT 14 rowth
D) HEECREIRS DN, QERILLELET 58
B, SrontHbLMe L huEe by, Zhit
BRBEoRRKCRELT, B adicEPROA
IRACBHRE = A5 LCB LMETH S, 2hE
TREB I hIH) « DR RACERAL OB B dHE:
HOHRE, ERoHMELART S LCOEERF
B o eREFELODODH B,
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FFEDIZZ ORI, EieAIKEORIKAL Thbh, ET/PMAFTHEHEN S ZRIMELR,
D EDRICELTHIBINET T oW T, Th TRl 2ay Yy v—a LI ERG NERE (EERY
FTIEH bR TV ABEFN MR A o, Fick 25nm) OffFip CaCOy 23 ika7 LT 2 2 U AMGEK
FROZYY Ca ik Havs o[k L & £ Db i LT Xha, a2V VY —aks i HETFHEBEETTHON L

By, FICHIKAGE . O F B oM & Rk & L 400> Ca el & it A (VAN DER WAL
DOPYHCOWT LS Licvy, Tods, AKHBT 5 et al. 1982), 7-7: E. huxleyi =13 = ® Hfrc/ Nk
o DA MK (1979), 4 —A + 7 Y 7 D Boro- BlZE X h T\ e, C. carterae 12y, =229 AL

wiTzkA (1977, 1982a,b), £ # ) A® PENTECOST e BIRAL LT LW @4 fEbh B 0T, Mindk
(1980) it X » T BcifihhTuwaDTEh b 2 FCE 2 fiORSMEHET A Eicies, 22 ) ADJE

iﬁhf:t Vs BEILARIC X » TR, Zhu e ozl
. N7 FE (Figs 1-2) Mooy AJBHEYEEECHE L TLW A EBbhb,

{.JMLI G : & oM I® 3 5 M (Coc- AP THIRAL2SHETT T B e (il Bisw, Fig.
colithophorids)i, Atk D HIKETH 5, BN TH: 2 13, C. roscoffensis var. haptonemofera (INOUE
Fxh, AKALEEOTIC X < VWb TWwWa g, and CHIHARA 1979) oE#HFEHEBTHS, =22

Emiliania huxleyi, Cricosphaera (= Himenomonas) ADERCH MEDEMIHSR D,
carterae 2\H%5, ZhbHOEL, Mlaosilic==y Ko E OB : = 2 ) AR HEKEELY RT
# (coccolith, R 1 pm) EEhn s CaCOy & L, E. huxleyi (Paascue 1964) <= C. carterae

HEHH O DR E OB, =229 A, fMlaFmc (VAN DER WAL et al. 1982) TXHIbA TV 5,
3% LTWBDT, —RLOFTHIKALHET L PaascHE (1964) 13 = 0Bl & % HIKAL & e ih 3t
DO Z 5, Lo L, FEEMlaNo = ok XgHEANTHHPLLS & L1, HCO3—CO.+OH~
gk (229 2/ ) TEREHR, fifazt~Hf (1) OfARE), HCOy~+OH —COs*"+H0-+(2)

Lih&Ens (WiLBurR and WaTaBe 1963, OuTka Lo Lz 2 ) AJERAER Jc - ToZE 5L kR G A B oD Jié
and WiLLiams 1971, Zofi%%0), Fig. 1 1 C. FPHIC HCOy % (fi» T, IEHDL D L L A LEDE
carterae = =) A JBRGERY BRANC R LIZH O HETHARLXTH 2 Enb, ERRESAKALCE

Fig. 1. Schematic diagram of coccolith formation in Cricospaera carterae. Coccoliths are
formed intracellularly in the vesicles originated from Golgi-body. C, coccolith; Ch, chloroplast;
Cv, coccolith vesicle containing basal plate and coccolithosomes; G, Golgi-body, N, nucleus; Ve,
vesicle containing coccolithosomes. Scale =1 pm. Fig. 2. Scanning electron micrograph of C.
roscoffensis var. haptonemofera. Scale =1 pm.
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BERIETHBELTS, ZORIEDORTIIAKILK
% B TERLVWT EN B BRI >TV B (PA-
ASCHE 1964),

Ca g% : Z DEORAKALEBIMAL MIRNTH
5Z L b, KA A, Tl 2 Y ApEA
~NEDOHTIEALT Cat A I B DN D
HHENhT &I, C. carterae T, HRBEHFO Ml
M~ Ca®* BRDAERD LW el D H 5 (ArO-
vicH and PIENAAR 1979), %3 b3 Eimila (Flx
o, FRIMERAME, HMatkiig) wRbhs Ca™ i
4L Mg?* kit ATPase (Ca?*-# v 7) % C. ros-
coffensis var haptonemofera TY¥EL1-hS, F Dl
BEFEMY RGBT &2 sk7eh o7 (OKAZAKI
et al. 1984), ¥ 7, TR ERIEYMRTILER
ZEXhT\V 7\ (HopgeEs 1976), L L, Mg?t-fk
UL Catt-tk 7 ATPase DiEMILRD B = L2
ki, BRMfaoRaEK iz, Mg**-ATPase Dif)
¥T H* 2BET5 @BExrdy H-%vF), o
B S hic HY it~ g+ % o b L ¢ Ca?*
AW DA Eh B HY/Ca HE@xER) rabh
TWBNDT (OusuMi and ANRAKU 1983), FAE
oW, Sur= =Y R PRI O Ca Bk
MHLERELEL LIRS,

CaCOs f5fh « BHHLHE: 2 2 ) A% RHET 5CaC0y
BITRTCHBETH D, Bk b= 2y ANEHES A,
Zhab Ca®t #HRMTHESTHMELEN hH X
- (DE JonG et al. 1976), =22 Y AZHEZN%
B & CaCOs S BHEEIATER Y, 1o CaCls #
OB LI >TWB DL LV, &0 Ca*t &SR, ¥
575 .0 vEEhIE )R (H20%w/w), Thblt
2, 1EDHHEROED 2 F 1 {L% LD THE
G DO E LD THS (FICHTINGER-SCHEPMAN et
al. 1979), = D %4 {#i > T in vitro T CaCO; ¢
BT AERIAALNA TS (BOoRMAN et al. 1982),

28 %

W x£7 v 7y B (Figs 3-9)

AIRACBAMAIRGL . SZEXMRT, BFRE HEEDY
BAIBEIR TV 50T, HBRBE RSRBEELT
W5 (Fig. 3), CoMBMRATIESSD, &k
PRI HEY L, #K &R S h i SRZERTh Y,
FIRAE = DR BRICERMTIRE 50 % FHUMkER
FRROMIBERBCBRCHE LT 5 HERDE
DOLETHEERS (WILBUR et al. 1969, BorowIT-
zKA and LarkuM 1977) (Fig. 4), = 0ERitik4
CHERELCEHREER (B 3-5pm, E#H 0.2 zm)

L h, BRI Miampa s R T (Figs 5,
6), MifEEEZ D DIXBRKIE LIy, Edio:BRITE
fhoskh GE—EERR) oFVAK TN, A
DL > CTHITLET T3, Fig. Txv+vy
F4 v 75 (Halimeda discoidea) o glafIBCits
LSRR EEREBRETH D, ARIENET L
TR DOREC DN TS DREYH D (FliE,
BorowiTzKA et al. 1974, M5 1977, BoHM et
al. 1978, BorowiTzKA 1982a),

Y&/ & o Bi#E: BorowiTzKA and LARKUM
(1977) k&M EHRO HCHBT, BERFO/NES
g LCigkh HiapX - flakiBR e BR L
WL DEREINT S L AREL BB IRD &
HRELMC Ui, Fic ABFENL BIEH L, BT
TR TI ARIES REIhB T & £ O
DRETEABEECHATI L D& LT, &
hboHER, MRERE LV - RHABERIC RT3
REBOTH L ARCRO XA, ERCHETLZ &
HRLTW 5, T CHEREMBEEMT, XERT
b CO. NEEMEINTCHE, REEHE LD
ZELT 5% PARK (1969) oA % AV CHEBRANC
fEHrL, FAET v I/ ORREHED 1 DD F Ay
WBLI, FRKRICI Y Thei s BEIH Lo
(BorowiTzKA and LARKUM 1976b, c, BorowITZKA
1982b), Fig. 8 (1K ROBRKD pH & REgD 32
D43 FHE (CO,, HCOs™, CO#) DFEEHMBARER
o Bnb, ko pH. 8.2) mERTBIC T
HCOy™ 7 WAL COE™ 245 &3 ¥B, %
AR T CO DYPAHEMM MBI hETSH L, 3
DD FFENEDTRIC BT a0k HEELCLOH
Fig. 9 TH 5, CO: DEE (¥ =iz HCOs~ # M
HuAA HCO;~ — CO,+ OH™ o KIET CO, 2 %4
BV TR -7 OH™ ofifast~DHl) 1tk »T
2R (ZC0) B HA Trbhnbbd, pH &
CO™ IXELHEMTHZ LAFHEND, vF 74
K7 v 74> Halimeda tuna g & TORIMIKIKE T
¥ X Fig. 9 RS hictils REEFHI EE TV
b LV, ZOBIcRH pHDOER, 2% h COs
DEITYEK L ET D RERE TIZTRA EWR R
L

Ca itk £/ Ca¥* i3, ks b /NEED Hfiuss
~JEBLTC MR BHA I h B & EX BTV 5
(BorowITZKA and LARKUM 1976a), \ -7 A A3
PIcEL Y & Ehie Ca*t piilafBuc BEl S higfE X
hBmERLHEH, ZOBXEBCOVTIIRL -
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Figs 3-6. Schematic diagrams of calcification processes in Halimeda (Okazaki 1979). Cr, arago-
nite crystal; Cw, cell wall; ICS, intercellular space; U, utricle. Fig. 3. Structure of thallus of
H. discoidea. Scale =100 pm. Fig. 4. Small crystals on the pilose layer of filament wall of
the subapical segment. Fig. 5. More advanced stage of crystal development. Fig. 6. Needle-
shaped aragonite crystals filling the ICS. Fig. 7. Scanning electron micrograph of needle-shaped
crystals in the ICS of H. discoidea. Scale =1 pgm. Fig. 8. Relative proportion of CO,(+H,COy),
HCO;~ and CO4*~ with changing pH in seawater (sw) and freshwater (fw) (BorowiTzka 1982b).
Fig. 9. Calculated effects of removal of CO, from a closed seawater system. The figure shows
the effect of removing 0.05 mM increments of CO, by photosynthesis (BorowiTzkAa and LARKUM
1976b).
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T,

CaCOs #58% » AHILE : $hIR (REH 3-5pm,
# 02um) *BLET7S5VATHS, Ridotfcha
IRALBRAAER LI L RRER W B LT H DT, T 0¥
BRERILAFET AR E LTERTS LBbhs,
U LE DL DV T R TH 5, Mg
bk e vERETRBELY ST Cat Aok
SEN IR T b, MlBdo Ca*t F—ir—
BEBE LT AAEELIEMIh T 5 (BouM and
Goreau 1973), &1/ (NAKAHARA and BEVE-
LANDER 1978) 3 1 Y F%#£F v 74 (Halimeda
incrassata) DOFRE AL B O (envelope) T
BbhTwa xRV LA, OBt bibin
LEkEBmO BRic kW, AXRBOT 5 vAEKERO
BAbicambhtsh, BRERYITHIDLEELD
hTwd (FEE 198D, LivLy+T v 7+ DFAL,
BREE~NDOEEYOBILERETHH LTI T
\% (BorowiTzKA and LARkUM 1977),

@»+ V@ (Figs 10-16)

RIKACBRSAIBEL : — D& SHEAMRTH S, &£
WEEL, WICE\ Tk age OF VLD age D
AT [ - CHIRRBER CTRIRILY H#TT 5 2
D 5 e, B23% LTk ¥ =y (Acetabularia caly-
culus) OEPBEROSESE (Fig. 10) 0D AR
{LERE BRI R Licos Figs 11-14 ¢35 (O-
Kazakl and KaTsumr 1984), o & (Fig. 10,
KHIA) TREZARKA L TViow, RIRCHELY
BLBLhABETEEORVWENBERCHWUEID
Z MBI (Fig. 11), = O#EIL age D
PLEAKLBYITIIEREFTE L BN cEROES
HLBbhd 477 ) RoHEEW (ERH 0.8 pm)
®HBT % (Fig. 12), WorpiEg (Fig. 10, &KFIB)
DEETIX, Wb 4 7727y Rig&EH SIEECR (B
# 0.2 pm) DR FR IS (Fig. 13), FHoHK
# (Fig. 10, &EC) Tit, BRRXFIERET B,
B0 LIEVEECHE LTHAM (RARRY
0.5 pm) 2T %, =5 LTHOERCILRIKILIL
SETT52, BEdhickx L SWIRDRIROERIY
BoBE & - TEORBIIANOFEZTHEDHRL X
h3 (Fig. 14), Ly LEOABIIAKILIZAESH
e TOBRBAKIEBRIBARCAET TS/ Y
(A. ryukyuensis) DIFIZ I\ T H BRI NI (G »
i, RFEXK), Fig. 15 3BEh O #7 7 Y RD
R OHEAKD, FiFig. 16 R RKILOET Lic
BOEBNERETH S,

KA E OB : WORKILEBEDE I & DfEici
HBEABE)D b, EPTRT B BEOREIH 15~22
pm BECELLWE, ABRKIFEDEOHINLD -
<% Figsl3, 14 R bh sl CaCOs #shnikE
iy (Okazakl and Katsumr 1984), 7
Figs 14,16 »URTHic, AREHNTET LI THEE
ABIARKIL LV EETES, ChLOERIIEE
LicfilaeE o, WB—MEoLAMEMIcEY T3
LEXRIFHATES, 2E WA PH D
LR, CO2 oifmaiEz b, ZhrBRILCEBRT
BEBbhb, L LI hwiEl Ui ARSENHR
FRE, :

Ca 85% 1 #3725 KBS & - T filaBs~ g X
hatBbhs,

CaCOs #idh » ABER: WRRo7 5 vAE (ERE 0.1
~0.5 ym) TH5B, MABED~FWINBHBOHHE
DLEMEBII TR TH B, RRETCLEFEEN
B, PVAETERETHTS L Ca SRR
Hahzot, —fo Ca? #EAwBENbAahicw
(R« R, RRER), »¥ /)0 @z~
YIRERSTHEN, BUELELFETBNT (Pul-
seux-Dao 1970), #¥% & RIK{L & ORIHEIIC BEEA
cha,

@) =rER, YAFHXR

Z ORI SRR A E LR KALHM TH B A,
BEOIRE Li- fifgEE o — b ARIL N BRbh3
(BouMm et al. 1978), #EfIZTRTT7 5 VA THIMERM
Blcit® Lich ok g%, BEod o iy £
b, ARALBEEYEEF L& L 150828, AT
YIYBRNY 7 VEDS O LB TRKRES
BrsbolBbhs,

. T =

(1) v == (Figs 17-22)

AIRALBARATRGL : & h b oF xR, ER2THK
35, MM EFEELLV2, R ARKE
NRLIhS, AKILARYBEHYV v T2l O+ 4+
2 r (Serraticardia maxima) CEYPT2 &, Hk
i B—EEBMOER) OKkd age D FH - FHT
ALY BAtAE B (MivaTa et al. 1980) (Fig.
17), SziMlasEss o Ao Ml £ 3° Ko,
fani#ex b (Fig. 18), /MMasrifz sk - Tl
BRoOERPBBETS (Fig. 19), & oA
BosEmAFCHEREh, 2BT3DEBbh 3,
ARAzMRO age LT L, MBRBE RO M
fesgiz Rk o CaCOs R THEBRL &hs (Fig.
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\
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Figs 10-14. Schematic diagrams of calcification processes in the stalk of Acetabularia. Bu,
bur-like calcified body; Ch, chloroplast; Cr, aragonite crystal; Cw, cell wall; Eb, electron-dense
material; Iw, inner cell wall; Ow, outer cell wall. Fig. 10. Young habit of A. calyculus. Scale
=lcm. Fig. 11. Secretion of electron-dense material from the cytoplasm into inner cell wall near
the tip of the stalk (A in Fig. 10). Large amounts of Ca were detected in the material by X-ray
microanalysis. Fig. 12. Bur-like calcified body in the cell wall near A in Fig. 10, but at more
basal part of the stalk than in Fig. 11. Fig. 13. Small aragonite crystals in the cell wall at the
middle part of the stalk (B in Fig. 10). A cluster of small crystals is formed from a bur-like
body. Fig. 14. Mature and calcified cell wall at the basal part of the stalk (C in Fig. 10). Note
an outer CaCOs-free wall layer. Fig. 15. Transmission electron micrograph of bur-like body in
the cell wall of the stalk of A. calyculus. Note minute crystals on the surface of the body. No
staining. Scale =1 pm. Fig. 16. Transmission electron micrograph of the heavily calcified cell
wall of the stalk of A. calyculus. No staining. Scale =10 zm.
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Figs 17-20. Schematic diagrams of calcification processes in Corallinaceae (Oxazaxi 1979). Ct,
cortical tissue; Cr, calcite crystal; Cw, cell wall; ICS, intercellular space; Mt, medullary tissue;
V, vacuole; Ve, small vesicle. Fig. 17. Longitudinal section of a terminal segment of Serrati-
cardia maxima. Scale =1 mm. Fig. 18. Small vesicles accumulated in the ICS of the subapical
cell (A in Fig. 17). Fig. 19. Rod-shaped crystals in the ICS of the subapical cell. Fig. 20.
Heavily calcified ICS and cell wall. Figs 21-22. Scanning electron micrographs of calcified ICS
and cell wall of S. maxima (Fig. 21; cortical cell) and Lithophyllum okamurai (Fig. 22; cell in
perithallum). Scale =1 pm (Fig. 21), 5 pm (Fig. 22).

20), HEERTLAT W AESL - T MEREBC tHBL3 B Mk, YA B & OB : BIFT & K5 C DA AL % Mol
B RAECZs S h T 5 3N (matrix vesicle) THE, WITT BUEIE Shun v h Wl (RS
R 1975) LR LS O E 5 ERYTH B, Fig. 1970) Kotz fo;‘Ll.?E@E‘ZbIf{J‘ﬁi‘Hf 1 :f%ﬁia>%i%zi{4i» G Vi

21 A4 v 2 e AL UIc HifaBE o A RE Bl SIS Ds » THA A A2 B age D\
T, MY TP ORKAEDHEHiOS O EH FE AR e E X B &\ 5 45 (PEARSE 1972, Boro-

BIETT 50 E#E 2 b, Fig, 22 114wy v witzka 1979, La VELLE 1979), % 7= ko
T2 flifto e 51 A (Lithophyllum okamurai) o pH @ L5 & CO2 DREINA A IKAL D (e & iz
FREHER TH %, WML TWABZ E#x#H Ucd o (SmrTH and RoTH 1979,



Algal calcification 335

Borowrrzka 1981) 7¢ & % < ORI 1 WFED B
Ho THHOFETHER L D HCOy™ 4 Hiapic it b A
Z, HCO3~—CO,+O0H~ oItz & b COs #HEK
DI E LTRIA L, Gl OH- 4 —ffio )P
25 [6]C & 2 AR Sk Ml sE A~ R T R LT,
AR S I T e & h s HCOy A i figl LC
CO* %t BTV EBbRS, 2% b
WwoHEF v 7y Bo ki st 3 K g
FEZDEEDL LTS LBbN3,

Ca i #Ho — AMKF (Oxkazaxkr 1977) it
W v =R Ca*t iEdE{k ATPase % Hlu
LTW525, ZOfE ROMRANO REREAYTH
%o Rl c A KA MifaEE ROl Ttz 3
s, SO AHiREE A A4 v (HCOs, CO) %
Ca** niffiflabia A LT IRBic X » T s h 5 5
PRI EE 2 Bz et broT, Ca¥ o fElhE
ERMEE Liguaa b Fiiuicus,

CaCO; #hih » HEILTT: Mg 2 &L Jiffachnk

Figs 23-27. Schematic diagrams of calcification processes in Galaxaura. Cr, aragonite crystal;

Cw, cell wall; Ep, epidermal cell; ICS, intercellular space.

Fig. 23. Longitudinal section of a

terminal segment of G. fastigiata. Scale =200 zm. Fig. 24. Detailed structure of region A in
Fig. 23. Note the well-developed ICS separated from the external seawater by a layer of epidermal
cells. Fig. 25. Fibrous material filling the ICS of the young cortical tissue (A in Fig. 23). Fig.
26. Aragonite crystals in the ICS and cell wall of the young cortical tissue (A in Fig. 23). Fig.
27. Heavily calcified ICS of the mature cortical tissue (B in Fig. 23). Note partially calcified cell
wall. Fig. 28. Transmission electron micrograph of the mature cortical tissue (B in Fig. 23) of

G. fastigiata. No staining. Scale =5 pm.

Fig. 29. Scanning electron micrograph of granular

aragonite crystals in the ICS of the mature cortical tissue (B in Fig. 23) of G. fastigiata. Scale

=0.5 pm.
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* 8235 (Figs 21,22), fifagic Ca®* k&7~
ADBFETAZ L, Fhoiut T B Cat s
WHEHELLDOTHBH L& BorowrTzka (1979)
MER Lz, FED (Okazak et al. 1982) 2% 0D
Lo ARELICLE A, A var, v~Nt=
<~ (Lithothamnion japonica) % 4+ == BAIK
BLTAFVBIROh o, Tz 07 AF VEN
AREBMYCREL TS L LAREFNFEC X
S>THLIE o (RS 1984), M7 A+ v
XRE OB MM E & LTREL LR
hTwhkve vBEETHD, BEUSOETRES
ReDRZhRROTHB, & ORET V¥ VL
>T Y A5y (NickL and HeEniscH 1969) % A
W in vitro T CaCO; MKEREY RAL LT 5,
Nl 75 v ABEEE 43> Mg? (Kitano and
Hoop 1962) ##ETF TS, 7% vERHEMTIES
BENERIhBZ Lot (FIH S 1984), =0
HEL v T2 BERED & Mg 280 HRA
THhbZ & (GoLpsMITH et al. 1955) » 6 BCEHE
TH5b,

@# 57 7E (Figs 23-29)

AIRICBRIAERAL : %% 5 (Okazak: et al. 1982)
BHFHFEDON5H 5 (Golaxaura fastigiata) 1=
DUTHNI, TORER, & OBTH T HEALER
Db age OEVRALTHEKAS BBIhD 2 Lot
o7 (Figs 23,24), CaCOs Rk Do B <
FE LM OB EHE D bic 1B L (Figs.
25,26), MM RBUTHE > T RSB A e B R
<L, BT MIRREEC & BIRALL B (Figs 26,
27), DR BRALA B S h 5 MR —B O
i&ﬂﬁf%ﬂﬁ%#&ﬁ%éht*%ﬁ%ﬁf&l
EHEEI R UCHERIL Ly, Fig. 28 2 HR{LA
SET Lo KRBy & MEfasE % 8% B %, Fig. 29
AR ORCRAE S (ER 0.05 pm) & EARE
BTHELLDIDTH S,

KAEREDBHE: ZOBOBRL LKA & LR
FRBGRY IR Uy, L LGIR(LEES AL
RRLBELCMIBMBETA S Z &, FOEBICITER
BUTEER G b oML DT 22 &0 5, Bko
BEy A7 v 7 vyBRRoh s BRECHERLA TS
3EEZBIS,

Ca #i%%: MileBEx A 42 Ic X5 b0 L Eh
h3,

CaCOs #5fh « HHEIE : Bk (BEW 0.05 pm) ©
T I7VATHD, HWD CaCO; Gt Mfapipa ko

BEpELCHB TS, COFBHEOBBETHEES
SuSABETEHRSE CHT5 L, Ca Likicsa
BHEXhsDT (Okazaki et al. 1982), GiEstts
L OSSR RV L E RS TR L
55, FHMITHTH B,

3=+ ~xg (Figs 30-34)

RIRACBAIAIRL : AF (1984) (33EHED Lkic~<=
=Y IR0y 29~ & (Liagora farinosa) OGKAL
BELRAT, BAERNE KBReHbL, KBS
ERMER RS AR TH b, MRaFEAR L
FELTCW5 (Fig. 30c), HEROE fMlao FA
iz, SEELBEbhaPENSWEh (Fig. 31),
Z OWENECET BRI TR RSB
+% (Fig. 32), o, MRaDIEXHE - T HllaR
BurstikigEs (REH 1 pem, @#9 0.1 pm) THHR
{&hs (Fig. 33), MlRBEcizBmRMLIT R ORIV,
BEERITRE O NGRS RIKIET 24, 2 ORI O
EBHO LD ERTHMATHE (BEH 1pm,
8% 0.05 pm), Fig. 34 12 B Mk &
LicstiRiGa O EERBEHBE TH 5,

AR & DBIE : RIRKALA B X hETT 5 KB
O RTAEERE, K DR iR ERIT A B,
LA O KA Z DERORKILCA & F5T
XA {isiF- (Y AP (B3 & 21/ (d:2] 5 VAN Bl (e 3 4
B LR ML b oMYV FET A &2, KA
HBTH D ERBMOBERIHMEL DS ORHERTE
SERLTWB I EEMLIREINS,

CalieR: likX b I X o C 483 hB LB
bhs,

CaCOs it « HHELE : TNTEHIR (KEM: BE
# 1pm, 1EH 0.1pm; BiE: RIH 1pem, @Y
0.05um) O7 5 VETHB, FLETEHRERYILE
THORIOMFECEORS, AF (1984) 12, AK
b LRI B S DT 5 2 LB DT
L, SO HMELT in vitro T CaCO;s &
CRIETHECOWTHIRD v Y & ¥ ABECRE Ui,
FORER, TOWERLT I VERXEETHHEN W
Z EMbhote, Bb it Calt L3k dIRaRIBE ik
BLTL s Mg*® DifiZc L »T7 5 VALK I A
5LBEbhE, BRATRIRALHFET 2 HERD
2T 7 5 VAXFETHMELR D> Tt
LR {ET % (KiTaNo et al. 1965,1969),

4. B (Figs 35-40)

BEEYP BT B CRRIARH5R 3 b Oz,
BHOBEN RS BMARBERBCBT Y I v
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Figs 30-33.

& i

Schematic diagrams of calcification processes in Liagora. Ch, chloroplast; Cr, ara-

gonite crystal; Cw, cell wall; ICS, intercellular space; Om, organic material. Fig. 30. Structure

of the thallus of L. farinosa (SuirorTo 1984).

A and C, terminal segment; B, aged segment; a,

tip of terminal segment; b, medullary tissue of aged segment; c, cortical tissue of aged segment.
A and B, C show a native and decalcified segment, respectively. Scale =1 mm. Fig. 31. Organic
material around the young cells of the terminal segment (A-a in Fig. 30). Fig. 32. Small crystals

outside the organic material (A-a in Fig. 30).

Fig. 33. Needle-shaped aragonite crystals filling the

ICS of the mature cortical tissue of the terminal segment. Fig. 34. Scanning electron micrograph
of needle-shaped aragonite crystals in the ICS of the mature cortical tissue of L. farinosa. Note

the network of organic matrix around the crystals.

7 J& (Padina) ®#50D iR 5 5 (BorowiTZKA
1982b) .

FIKACBRGAIRAT « 353 0 — AR & (Ok AzAKI et al.
1985) 1A+ 7+ 7 (Padina japonica) \Z2O\T %
DI KA B A T~ T, k0@ (Fig. 35) kil
320, EBEBNTLE S 5 MmN OLH T HIK
L7 Bth I b, & OMALIZE AL 2% A AT
B & B H Bk e PR ZE M) (5 & A & 22 /) PR i3
% (Fig. 36), Fig. 37 (2% 0% &iAH 260 T A

Scale =1 pm.

DERELTE O BARAAE LTI S i N B R f e
R’ COSSTAaEERTIC K L CEERICAER
LCstika 23 s Hacic s (Figs 38,39)  #fh04 R
WCHE 5 T, MITAERC (L rckhdh B (R m (R R ot
i) Bk, SMT ARG LB L e D, &0
HRELE ORI ER L TR FE LR (R
R 2 pm, BEK0.5pm) Ligh, L LEMKD age
D A TEFET T, SR LTRRSG Lc &8
bhdBLREShD (BHH1977), Fig. 40028 (k%
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Figs 35, 37-39. Schematic diagrams of calcification processes in Padina. Ap, apical cell; Ch,
chloroplast; Cr, aragonite crystal; Cw, cell wall; Is, inrolling space; N, nucleus. Fig. 35. Young
habit of P. japonica. Scale =0.5cm. Fig. 36. Light micrograph of longitudinal section through
the margin (A in Fig. 35) of a fan-shaped thallus of P. japonica. No staining. Scale =100 pm.
Region B and C show the parts studied here. Fig. 37. Small crystals on the pilose layer of the
cell wall of the apical cell. Fig. 38. Needle-shaped aragonite crystals on the outer surface of
the young cell (B in Fig. 36). Note the crystals oriented perpendicularly to the cell surface. Fig.
39. Well-developed aragonite crystals filling the inrolling space (C in Fig. 36). Fig. 40. Scan-
ning electron micrograph of needle-shaped crystals on the ventral (upper) surface near the margin

of the thallus of P. japonica. Scale =10 pm. A cluster of the crystals corresponds to one cell
located on the outer surface.

() ikl LicsbiREs o REEE TH 5, CaCOy ffih « HEILE : R<FELIC RO 75
"fmk&@l—ﬁ&: B ZABIER ORI BHIA S h Vi (BEH 2pm, EH 0.5 pm) THDH, Mgt o
HEFT3 5 3OLC B3 % M b v e S A S i kb7 vAEIMBKIRTVSAHE *J PRI

LTwa 0T, SRk 2EmE o pH o L5, COs 3?%57\&7‘4 D, e age oI HlE O BEF I A A
DTS h 5, LT GBIk s CaCOy #hidhi% e LTIEH LT

Ca %« fIKALBHATS AL AR Helemar HETH DN, Z OWEHOFIEEIAWTH S,
W EnD, B chhiiT HCOy™ 135k, Ca*t 4 it OB E AL Ligw v v 5 v (Padina
wmEND EBPbRS, arborescence) 0% AL ZEMI PO MINCILBIZE X
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Fig. 41. Schematic diagram of calcification processes on the internodal cells of Chara braunii.
Calcification is initiated on the second internodal cell (In2) from the tip, and the fourth internodal
cell (In4) is encrusted with bands of CaCO, deposits (Cr). Scale =1cm. Fig. 42. Scanning
electron micrograph of calcite crystals on the fourth internodal cell (Ind in Fig. 41) of C. braunii.
Scale =100 zm. Fig. 43. Photograph of calcified C. braunii. The photograph was taken under
polarized light. Scale =1cm. Fig. 44. Schematic presentation of the major ion fluxes associated
with photosynthesis (BorowitTzka 1982b). Note OH- efflux in alkaline region which causes CaCOy
deposition. Fig. 45. Alkaline bands (Ak) formation under illumination by C. braunii embedded
in 0.5% agarose gel. The gel was prepared with an artificial culture medium containing 0.2 mM
NaHCO; and 0.1 mM phenol red (pH-indicator).
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7w (OKAzAKI et al.1985), BEDHRTH Y I v+
VTROBOLhIHEOLNARILTAE &, AR{ELK
WY IUFTRL G FFYF T LA SRR
ZEMMREET B LA, AR T EREE
MELL A VHERET S &, Padina pavonica
EBEEOZR UL AIR{L L2 & (Okazaxr et al.
1985) &% Ex Ab¥b L, WROERYHEOEFEL
A, ARLEXIEET Ao OB HETSE
ENHKRD, CaCOs BRERDMEHE L LT, #Y
7=/ —VERMLR TV, BECIIEFCZ DM
D7 =7 —VENRBNZ E D, OIS DEIC
Piewv EOLZH ARILTHED Exbhb (Boro-
wITZKA 1982b),

5. B (Figs 41-45)
ME—DRKERIKETDH 5,
FIRACBARGEAL : Fig. 41 3 EBATER LY + ¥
2 % (Chara braunii) OO ARIARLH
KRPFE LI b DTHB (OKazaki et al. 1985), %
FILEMERT BH, ETRAOB/AcRERTE 2 &
FifaoEEC BT 2, # 3 MMMk LTz hD
NECERLTHBA LRI SAHOKER LS,
Fig. 42 (3.5 4 St Lick i oM B
ThHb, F4EHEMAECIARILIET L, Fiit
Ay FREW®ET 5, v M@ 2~ 3ERKER
%5, MlgsEE Db DIXFEKIL LRV, Fig. 43 X AK
LLABGEERETCTHRELLLDOT, A<E-TW
B#ahs CaCO; DI E v FIRidT 5, =D
B BRILE A4~ v 2 2% (Chara coralling) %
75 A® (Nitelle) RO* 752 8~< g (Toly-
pella) DHDEHEVTS MHR T (§3F 1954,
SMmITH 1968), HIKALBAMARELANME 2 7° 4 ¥ A F
HLTW3 RGBS H D, Tlo2 T 4 v AFRES
75 Ca® MFEEE Licw ERIKALR & o\ S kR
K & X Ric 5, Ml & e, 4Ipga1 ARk
FTrzEbmbhT\5 (BorowiTzKA 1982b), =
DFE, IRFNIRET S LIRTFOMEEE They
IREEIRCHR b BB M oI la T A oMk
BENELIEL, iasE s iS4 5 A H B
AL L THEELNHIKILT 5 Z LRl b S h
7z (LErtch 1985), %0 v+ v 7 =BT AEIK(L
LAfifREEWimEE A UFEE LTk (UFREK
1), v 3 x2—==x& (Lamprothamnium) T3 YEH
#2315 (YFERBIRIL) OT, £PBOILEISE
DEENTED, = OHICAEINBRORKILERL LD
OFFMlRETOb O L WY EMETH B,

XA EOBME : EBFHRELL Y + 27 2B
7 5 A& BoSEMREmIL, 7% Y% (pH 9.5~
10) k@Egtes® (pH 5~6) M EIC~ v FiRic BT
B ENEBRTVS (SMITH 1968, SPEAR et al.
1969, Lucas and SmiTH 1973), & D~ v Fit &
BREFC DR R EhBZ &b, Y&ERRED HCO4
DAL BECHE T EABLACIRATLS
(Lucas 1976,1979), =7 A A ) v FEEOHE
AL CaCO; ThHetl L OBH A+ > v U7 2%
i e LTSRN R LicDai Fig. 4 T4 % (Boro-
WITZKA 1982b), =D Rt AR O RER L LT
HCOs~ % i nE B[R bt FAIH B B D AZH
CO: »BEEL, BlEH ELTHEREIhB OH™ %5
DBRLIIC WD BT HZ &% RLTV5%, £
D73 OH- o feiEifr T HCOs™ H3THIC il LT
CO2 izieh, Th Catt LRIETAZ &% RL
Twb, ZORTi: HCOs™ Htb iAA f Btk -~ v
Fé—BEETHH0, B B < v FIERO
A ik B bbb o Tty EE 0 —A Ml 5
(Okazaki et al. 1985) i3 v v 7 2% TR
TB L ol s FET RARRC Teh Y Sy
FAEREIhBE &R L (Fig. 45), &Rz
NaHCO; % ¢f pH $#§R¥E7 -/ —L vy ¥ (TS,
pH6.4-8.2) MEMULTHbH, 7Y AV ik ke
A2 2L b T, Fig. 45 2RI HCREE RO
WEED LKHARCBEIND, ZOTAA YAV F
TEREE A bR DCMU KON RERBE KBS DR
2% Diamox I X - TIRIFELK AEIhE, ¥k
in vitro DFEHRTT7 LAY v FAKR CaCOs #EHat
WHEhBZ ERFEH L, = ORIz OMffE DR
fila ECcoRRILIEER L HBEL T B LRk
Wi, ARt L. OH- BEHB S RKERE
FHEo » + £ (Elodea canadensis) e x>
v (Potamogeton lucens) DIETYH MbhTH D,
OB L v HCOy™ RBILL CHEpllic OH™ % HiH
4% (PRiNs et al. 1982, Lucas 1983), #£->7TC »
54 v atho Ca¥t BENEHVGHERIZIRLDED
Mz ili< CaCOs 2 AT 5 2 LoEZEIhT
\+% (BorowiTzka 1982b), 4 JP2s#laRE D HKAL
EXARDOBIBICOWTRAWHTH B,

Ca #3%5% : ERIMINE O B IRALBIEBALE S8 2 7
4V ARRHEBEER LTV O TRERIMECK bR
Vo EIIBEEORIKILIRBC L W A3 h e LB
ha,

CaCO, flidh » HHELH - BRIMI L ORI (i
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120 pm, B4 70 pm), HIRBMARARER DL TN
THEATH B, BEORRKILOBEIL, MiasEh
DEEFEIEREKLE LTERT AR ESE LD
RN EOWBEITBTHD, *1-wiEOHMaE
HOBIKEDHE S, BEREDOHHEDS DR
IEETERL,

® ]

Bk, ~7 13, 8% A% BERVCHEMBECE
THRENLARKECOWT, ARBESL, AK
L&A OBIHE, Ca #i%s%, CaCOs fE5RH & Al
HKAL OB ESY YT TERL, ARLEEYE
gL, 205b, AKRBASMCI TR EDHE
ERKECHIE L R bR, K &g
KOTEEBASE ¥ 7 PASRER TR KL BtE X h 5
CERRERCET B,  DEMIZE S O AIKE
TRMRENTHEINHEATH S & - i skic il
BBETH D, HHETIRIRE LB = hic iy
T35, ZOFRLEEOMEITIE, (1)Ca2t R CO2~ %
B LT CaCOs DfIFIEH % 2< 5, (2)CaCOs A23¥t
HLHVRiKE 2L 5, (3)CaCO; 55 DFHHEORKE S
WaARET HIHORBERDOBRELEDD, SO/
RAGIC LB eth % —illc T LA KD L Bbh
bo FRVLThOLSMARKECK\TH, AKX
EEOR D age DFEVPAL T BB H, 1IEL D
FLCHRTTBZ w20 ChiglLEi, ZnFEET
AIRACEH Y BT D4R « E{LEMFELY T
5B/EIIL, BhD age OFFSE KR 5 0
ErpbZ L BERT B, HROWEPILE O
EROIELDLEL DY, ThbORITOMITITILE
BLlicdhidleblow, RIERFMITIE,H b RS
B, BORKIOR G HFEN L ORGRBHE XS
BEHBLTWBEBLhBETHD, HBE « BKE
*HHY, WThOoRKECETH, KEBUCEES
pH 0 E# & CO2~ oA CaCOs i K ¥ < Bk
LTWBZEhHH-TEL, ARECRLTHLD S
s, XAHERC pH o L7 & CO& oy 5l % &
T LB B, Mk 0 gk RO LN, BIKIL
D—DDREXEBHEDEE 2 BB, FTHiKOBEE
BB AKICH AR T A Z\fodd, W RIKETIL, FHH
ZEfifl7e < LTt CaCOs FRIc B o7 COs%
IRV THS 5, T hichiEi LT CaCO,
BB THHHOEE, ORI BARTHKLE
D COs® BENED LI B KERKEGA, v
TERER, ABRHRETIELLISH>TigniE

Th5,

CaCOs FEH Db 5 —2o £ BEMME, 2% A
RALEAL~D Ca®* oftshntEAid, RKILEAL
MOWENGHBTED, BL2ORKESD, ~7 &
OHAHREOL\ EEHEA AL TD Ca #xRH HE
i B, ORKE TR S OIKE TR/
BEhBrltELZLRTVWE, L LAREDOEE
LT BmEscambhT\w 3 #ivbd s Cat-
HY 7| BREFEELEWEETH S,

ARG FET 2 EHHE Iz CaCOs B0
Lich, BBERYYT, BAME bRETHAERE
MNUBINBIEHIh T &L, TokicpBEL LT, H
REDOBKALLERE (2 =2Y R) MrHLEMEIhCEE
BREL, HEY v 2R RKEORIKCIRA A B B
Shic7r¥ vy Cat FaiEEX b oz & biER
ThTw3, Lil==) 2% CaCOs R
kit s LEROBKBE D5 HEMTHB TR,
ChLOEBME L Jlic, CaCOs ERhoRELK
CRIETEEA A+ v, Bl Mg ogL &Rtk
el BRI Totic Mgt it 7 5 VAR BETS
HE DD L1z RS Wb TH D, ARLBLEL ~
Mg? % Ca?* L3tic A b AbreTHhiE, 75 vEMN
ERIhG - Eicie s, ki Mg (50 mM)
iz Ca**(10 mM) o 5 fFBHFET 5 DTz oMk
B\, SRR R A ER T RIK AR
5, Bl ETF 7R a7 VB Bk
B8, ¥5HS5RB, 2F~FB CLIEIE), vy
FUB (B8 SO0RKERXTRTT 5 VvAYEET
b, chicx LT, Mgl (~7rE) TlTAEKIL
PRIARALIL AR L Td, MO BRFESL
BThr7A¥ v RIKILRLC Db 0 (RLEY
v 2R R HMEIBR I WD, & DEFEIT Mg
DYE ML TFET B, i, KPR HEBEO S
(#7 8300 ppm) MG EhTHkH, ZOLFER Cat &
B U &5+ 5%kH CaCO; P BAT
B ENEbRTVS, 75 VACRALES S0
el L, LABBRRKEDT7 5 VACEREShTW
% St R {EiT B LIIERILTHHZ LD, Thb
DFTIL Sr+ HAEHMC BRL Wi &85
Mt - 1o (KINsSMAN 1969) , Mg?t iz % L€ 4= BRAY
RM@D L ERXE e, ChbDEDOHKILEE
hEkero CaCOs JEROBIITHBKIEEHELD
h3, 375 vAXFETIHED D> EEMEN
FRERRIhTUL AL ESHEKEG, WThic#,
CaCOs#E Sh DT R U E DR E MBI+ 5 invitro
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DR AL T L& &b CaCOs Th5 HiRE%
RIIT 5 ECAEHEERC L > TWAHIZ ERBDIL,

BRICEC BT ARCOEHR L T ORI ELE
B AT > BB OWTEE LI, AKEXER
T LCBIRT % &, WTFh Lk @idr 5o,
f~T, RIK{ILDEZEL LT, fkbhVEELCaCO,
WE X » CTED TEe b OIT 5 TREEYE X
BT EAMED, OB, MM ERSh
5 Ca¥ gatErdbove vESHE flrd~7F
VMBS IR UL AR OB A Y IS S5 T
LThHBERNNRIES, Lo LEsEO®MIT,
BBk ERCT ey r vEESEEL, BOoE
FHRBO—>THBEHER L L ) ELFALCAK
{LRER R LoD TiXied A 5 2y L L O K,
ARALT 5 2 LR FGgPeRE oMUz X EREET
bHZ ERBEHC R TEB, 1, BRIELERW
BCRHROR 7 F vEHPBEOR DI R —ARCE
ATERETH DM E AR RIS ER S h, M
B BEOSELBRBRIc b nEELBRD, ¥
TMEN T = 2 —AVWBESERM LT, MR~
DWLIED B Z VAR EIET 2 RE o7 &
Bbha, £Y 7=/ —rEk CaCO; #5554
EFBZENMBRTED, FIZIE7 =/ —VPHED
SEOLVCEEEY TR, GSORLN BT RIZHA
WMcBTsy 1 vr v BOBRBLBORICEDARIAK
LR TV BIBER -, BEDEHHIEAL
BRI, FohHlosboAlEry £7 70
MR ARET 5 0 RAbhity, HAED
7=/ =AY Z= vER L, filEEEY X biRE
THOWMIEEE bz b ORELZZ LiXAMOZ
ETHB,

ORI, MRV MRERORS OEE L RIK
LERBELBRCHHOTRILVHEBbh, 4%
CERINCEKLLHRETH S,
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