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Antheridium development and spermatozoid release in Sargassum vulgare

C. Agardh and S. johnstonii Setchell & Gardner

M. R. Vijayaraghavan and Inderdeep Kaur

Department of Botany, University of Delhi, Delhi 110007, India

Vijayaraghavan, M. R. and Kaur, I. 1992. Antheridium development and spermatozoid release in
Sargassum vulgare C. Agardh and S. johnstonii Setchell & Gardner. Jpn. J. Phycol. 40: 325-332.

In Sargassum, specialized fertile, lateral branches or receptacles bear flask-shaped, unisexual cavities or
conceptacles. In the male conceptacle, the antheridia arise from any of the wall cells that line the concep-
tacle. Antheridium development is accompanied by changes in the wall composition. Spermatozoid
release in Sargassum vulgare and S. johnstonii is effected by the combined efforts of the two wall layers and
associated cytoplasmic polysaccharides. During the spermatozoid release, the outer layer of the antheridial
wall ruptures at the apical region and the cytoplasmic polysaccharides generate pressure releasing sper-
matozoids. Differences and similarities that exist between the spermatozoid and the oogonial release are

highlighted.

Key Index Words: antheridium—Fucales—polysaccharides—Sargassum—spermatozoid.

Sargassum vulgare C. Agardh bears andro-
gynous receptacles where each receptacle pos-
sesses male and female conceptacles. In S.
Jjohnstonit Setchell & Gardner, however, three
types of plants exist that bear either (a) an-
drogynous (b) female or (c) male recepta-
cles. In these two taxa both the antheridium
development and spermatozoid release are
highly synchronised and programmed pheno-
mena. In S. johnstonii, occasionally the male
conceptacles bear underdeveloped oogonia.
The present paper deals, in these two taxa,
with the histochemical changes that occur
during progressive stages of antheridium
development and spermatozoid release.

Materials and Methods

The plants of Sargassum vulgare and S. joh-
nstonii were collected from Port Okha,
Gujarat, during the low tide periods during
the years 1988 and 1990. Selected portions of
vegetative and reproductive thalli were fixed
in 10% aqueous acrolein, post-fixed in 1%
mercuric chloride and processed for light
microscopic studies (Feder and O’Brien
1968). Two micron thick sections were cut

with glass knives, using a locally made
adaptor that fits to the rotary microtome.
The sections were stained with Periodic-Acid
Schiff Reagent (PAS) and Feulgen reagent
(Vijayaraghavan and Shukla 1990); 0.05%
Toluidine Blue 0 (TBO) at pH 4.4 (McCully,
1966); Alcian Blue (Parker and Diboll 1966)
and Coomassie Brilliant Blue (CBB) (Weber
and Osboérn 1975). Photomicrographs were
taken on ORWO B/W film using Carl Zeiss
photomicroscope.

Results

The thalli of Sargassum vulgare and S. joh-
nstonii during the reproductive phase, bear
many receptacles, that are borne in the axils
of the leaves (Figs. 1, 2). The receptacles
bear unisexual conceptacles which develop
and mature between October and February.
The distribution of the oogonial and antheri-
dial conceptacles in a receptacle is examined.
Amongst several female conceptacles only 2
or 3 male conceptacles are seen (Figs. 3, 5).
Rarely, however, a greater number of male
conceptacles is also encountered (Fig. 4).
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Development of antheridium wall into a lower cell that acts as the first stalk

Each antheridium develops from the con-  cell and the upper antheridial mother cell.
ceptacle wall cell. The antheridial initial  The latter divides again forming the outer
emerges as a papilla, divides by a transverse  antheridium and the second stalk cell (Fig.
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8). The number of stalk cells ranges between
1 or 2 (Fig. 8; SC). Occasionally, sessile
antheridia are also encountered where the
antheridial initial directly acts as the antheridi-
al mother cell. The antheridium during ear-
ly ontogeny is unilayered. It possesses dense
cytoplasm (Fig. 9) and a centrally located
nucleus. The mature antheridium has two
conspicuous wall layers (Figs. 11, 13) that en-
close cytoplasm containing 64 nuclei. Dur-
ing spermatozoid release, the outer layer
lysis occurs and the spermatozoids enclosed
within the inner layer are released en masse
(Fig. 17). Many paraphyses coexist with
antheridia.

Histochemistry of antheridium

Wall layers: The antheridium during early
stages of development is covered by a single
layered wall that stains moderate violet with
TBO (Fig. 9); turquoise with Alcian Blue;
light magenta with PAS reagent (Fig. 8).
These histochemical staining procedures indi-
cate abundant sulphated polysaccharides in
the wall layer. The second wall layer
becomes distinct at about the 16 nucleate
stage, and has a mixture of sulphated and

carboxylated polysaccharides. At maturity,
however, the inner layer shows abundant sul-
phated polysaccharides whereas the outer lay-
er shows the dominance of alginic acid. The
space between the two wall layers is filled with
granular, sulphated materials that reveal
metachromasia and stain pink with TBO and
turquoise with Alcian Blue.

Cytoplasmic inclusions: The cytoplasm of
a young antheridium has many vacuoles and
a few sulphated polysaccharides that stain
light magenta with PAS reagent (Fig. 8) and
turquoise with TBO (Fig. 9). With progres-
sive antheridial development, vacuoles are
retained but the cytoplasm shows two distinct
zones. The inner zone stains turquoise with
Alcian Blue and pink with TBO indicating
abundant sulphated polysaccharides. The
outer zone stains purplish-pink with TBO;
magenta with PAS reagent and feebly with Al-
cian Blue revealing dominance of alginic acid
(Figs. 10, 11). As the antheridium develops
further, the cytoplasm retracts from the wall
and creates a space which is filled with grains
that stain for sulphated groups (Figs. 11, 13).

During antheridial development (Fig. 12)

Figs. 1-7.

1, 2. Sargassum vulgare and S. johnstonii, mature plants showing branches, leaves, bladders and

receptacles (arrows). X0.45. The inset in 1 shows a receptacle (r) in the axil of a leaf (I). X0.9. 3. S. vulgare,
longitudinal section of an androgynous receptacle to show one antheridial (an) and three oogonial conceptacles
(c0). X360 (CBB) stained. 4. S. vulgare, androgynous receptacle where the number of antheridial conceptacles
(an), occasionally, exceeds the oogonial conceptacles (00). X 225 (TBO stained). 5. S. vulgare, 2 or 3 oogonia (0o)
are produced per conceptacle. Number of antheridia in a conceptacle (an) is however large. X225 (TBO stain-
ed). 6, 7. S. johnstonii, longitudinal sections of antheridial conceptacles to show underdeveloped oogonia (ao) that
coexist with the functional antheridia (a). In such oogonia the usual wall differentiation is lacking (double arrow)
and the cytoplasm is gorged with physodes (arrows). X 1418 (TBO stained).

Figs. 8-14. Sargassum vulgare. 8. Transverse section of an antheridial conceptacle to show paraphyses (p)
and antheridium (a) bearing two stalk-cells (sc). X 1575 (PAS stained). 9. Uninucleate antheridia (a) showing

numerous small vacuoles. X 1575. (TBO stained).

10, 11. Mature antheridia (a). The two wall layers (double

arrows) are prominent. The cytoplasm retracts from the wall and the space, thus, created is filled with granular
sulphated polysaccharides (arrows in 11). 10. X 1575; 11. X 2000 (TBO stained). 12. Transverse section of a male
conceptacle to show protein-rich cytoplasm of paraphysis (p), antheridium (a) and stalk-cell (sc). X 1575 (CBB
stained). 13, 14. Antheridia at 16 nucleate stage, where all the nuclei (arrows) stain well with CBB and Feulgen

reagent, respectively. 13. X2000; 14. X 1575.
Figs. 15-20. Sargassum vulgare.

15. Transverse section of the antheridial conceptacle passing through the

ostiolar region (os). The meristoderm (m) and the cortical cells (cc) become lax and make passage for the sper-

matozoid exit. X 1575 (PAS stained).

16. Antheridium prior to spermatozoid release.

The inner wall layer

extends into a fragile tail (arrow) whereas the head portion bulges (double arrow) enclosing the cytoplasm with the

spermatozoid nuclei. X 1575 (TBO stained).

17, 18. Mature antheridia to show at the apical end ruptured outer

wall layer (arrows). Subsequently, the spermatozoid mass is released leaving behind the outer wall layer as empty

shell (double arrow).

The material that surrounds the spermatozoids is rich in sulphated polysaccharides

(arrow). The outer layer (double arrow) is, however, rich in carboxylated polysaccharide. X 2000 (TBO stained).
19, 20. Spermatozoids (s) being released en masse through the ostiole (os). Meristoderm (m) and cortical cells (cc)
cytoplasm reveal abundant phenolic materials. Spermatozoid nuclei are seen embedded in proteinaceous-matrix
(arrows) in Figure 20. X 1575 (19, TBO and 20, CBB stained).
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Table 1. Steps involved in spermatozoid release in Sargassum vulgare and S. johnstonii

Formation of a space between wall layers and cytoplasm.

Accumulation of polysaccharides rich in sulphated ions in the space.

|

Increase in internal pressure due to hydration and swelling of polysaccharides.

l

Rupture/lysis of outer layer of the wall at apical region.

l

Exposure of inner layer that forms a small stalk and a ‘head’.

l

Release of spermatozoids ‘wrapped’ in inner layer as a combined effort of wall layers and polysaccharides.

the cytoplasm is gorged with proteins but
negligible phenolic materials. The nuclei
stain well with Feulgen reagent (Fig. 14).
The adjoining paraphyses are, however, rich
both in proteins and phenolic compounds.
The ostiole, in the young conceptacle, always
remains closed due to the compact meristo-
derm (Fig. 5). The plug-material at this
end is, however, absent (see Table 2). In the
antheridial conceptacle of S. johnstonii, an un-
derdeveloped oogonium is occasionally en-
countered. Such oogonia possess phenolic-
rich cytoplasm and unilayered wall (Figs. 6,
7).

Spermatozoid Release

Prior to release, the meristoderm at the osti-
ole region losens (Fig. 15). The outer layer
of the antheridium ruptures/lyses at the apical
region (Fig. 17) and due to the pressure gener-
ated by sulphated polysaccharides the sper-
matozoids enclosed in the inner layer are
released en masse through the ostiole (Figs. 19,
20).

During the spermatozoid release, the inner
layer of the antheridial wall assumes a ‘tad-
pole’ like shape; where the tail portion forms
a small, fragile stalk (Fig. 16) and the distal
head portion contains spermatozoids. The
head portion is first to emerge out through
the ruptured outer wall of the antheridium
(Fig. 18; see also Table 1). The outer layer

Table 2. Antheridium/oogonium development and spermatozoid/oogonium release in
Sargassum vulgare and S. johnstonii
Antheridium Oogonium
DIFFERENCES:
Progenitor Basal and neck region of Only basal region
conceptacle
Number per Many 4-6
conceptacle
Ostiolar plug Absent Present

Polarity
release

After release

SIMILARITIES:
Outer wall layer
Inner wall layer

Cytoplasmic Aid in release

polysaccharides

No change during spermatozoid

Spermatozoids are motile

Ruptures prior to release
Forms a stalk (rudimentary)

Inversion occurs; proximal end is
extruded first

Remains attached through
mesochiton-stalk

Same
Forms a stalk (prominent)
Same
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remains behind like an empty shell (Fig. 18).

Discussion

The mature antheridium in Sargassum vul-
gare and S. johnstonii, has a double layered
wall; the outer layer is rich in alginic acid
and inner in sulphated polysaccharides as
reported in Turbinaria conoides (Sokhi and
Vijayaraghavan 1990). In Fucus edentatus
(McCully, 1968), four distinct wall layers
have been reported. In Ascophyllum nodosum
and Fucus serratus, the walls of the antheri-
dium stain metachromatically with TBO and
are probably composed of fucoidin (Levring
1952).

In Sargassum vulgare and S. johnstonii, near
16 nucleate stage, the cytoplasm reveals two
zones; the outer zone rich in carboxylated
polysaccharides and the inner zone in sulpha-
ted. At maturity, the oogonial cytoplasm also
reveals a polarised distribution of polysaccha-
rides where carboxylated moeties abound the
pericytoplasmic region and the sulphated
ones the perinuclear zone (Kaur and Vijayara-
ghavan 1991).

Numerous vacuoles have also been obser-
ved in the cytoplasm of mature antheridium.
In Scytosiphon sp. vesicles are thought to play
a role in spermatozoid liberation (Clayton
1984). The vesicles are the source of en-
zymes responsible for cell wall lysis and the
resultant breakdown products form the
hydrated mucilaginous matrix that cause the
dehiscence of gametangia. A similar role of
vacuoles in Sargassum spp. is envisaged.

In Sargassum vulgare and S. johnstonii, phy-
sodes are negligible in the antheridial cyto-
plasm which may be due to the low number
of chloroplasts. The stalk-cell, paraphyses,
and conceptacle wall cells are, however, gor-
ged with physodes suggesting a protective
function (see also Kaur and Vijayaraghavan
1992). It is also possible that the tannins in
physodes may serve as herbivore deterrents
and thus help to prevent damage to the an-
theridia (Phillips and Clayton 1991).

Underdeveloped oogonia have been ob-
served in the male conceptacles of Sargassum

Johnstonii. It is tempting to speculate the sig-
nificance of these freaks. This reveals that
unisexual conceptacles have ‘hidden’ bisexual-
ity, which, if expressed results in poor deve-
lopment of the oogonium. Taxa with unise-
xual conceptacles are usually considered more
advanced with adaptation for cross-fertiliza-
tion and reproductive-economy (Dawson
1940).

Reproduction in brown algae is environ-
mentally controlled both for survival and to
ensure simultaneous gametic maturity (Clay-
ton 1986). In Sargassum vulgare and S. joh-
nstonii, spermatozoid release is a highly syn-
chronized phenomenon. Prior to gamete
release, a space develops between cytoplasm
and the wall layers which is filled with the
sulphated polysaccharides. The outer layer
lyses only at the apical end. This is followed
by ejection of the spermatozoids enclosed
within the inner layer through the antheridial
orifice.

The inner layer is rich in sulphated polysac-
charides of hygroscopic nature. These poly-
saccharides swell up, generate pressure and
the outer layer ruptures. The inner layer un-
dergoes changes in its contours and extends
into an anterior end and a posterior portion
which trails behind as if the spermatozoid
mass enclosed in sulphated polysaccharides is
being passively pushed. The spermatozoids
remain immobile due to the presence of poly-
saccharide envelope. Once near the ostiole,
polysaccharides contact water, dissolve away
and render the spermatozoids free to swim
actively towards the mates. Toth (1974)
presented histochemical evidence to show that
in Chorda tomentosa the space is filled with al-
ginic acid and sulphated polysaccharides. The
hydration and subsequent swelling of these
mucilaginous carbohydrates creates an in-
crease in the internal pressure that leads to
the rupture of the sporangial walls.

This investigation supplements our
knowledge on gamete release in Sargassum
spp. (s¢¢ also Kaur and Vijayaraghavan
1991). There is not only a slight difference in
the size and number between male and female
gametes but conspicuous differences exist in
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their behaviour (see Table 2). Thus, it is not
only the oogonia which are released by a
highly coordinated mechanism but also the
spermatozoids. The ultrastructural, bioche-
mical and physiological aspects of this highly
programmed process still remain unknown.
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Chromophyta): the flagellar apparatus ultrastructure
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Inouye, I., Hara, Y. and Chihara, M. 1992. Further observations on Olisthodiscus luteus (Raphidophyceae,
Chromophyta): the flagellar apparatus ultrastructure. Jpn. J. Phycol. 40: 333-348.

The flagellar apparatus of the raphidophycean alga Olisthodiscus luteus Carter (Chromophyta) was ex-
amined. Basal bodies are overlapped in a counterclockwise orientation, and are connected by two striated
fibers. A rhizoplast and a structure called the proximal plate link the basal bodies to the nucleus. There
are four microtubular roots arranged in asymmetrical fashion. One of the anterior basal body-associated
flagellar roots is a compound root, consisting of ca. 15 microtubules and carries an unusual layered struc-
ture. A microtubule organizing center is also associated with this root and cytoskeletal microtubules
emanate laterally. Golgi-derived vesicles are located inside the loop-like path made by this root. The
posterior basal body also carries a compound root consisting of five microtubules, a half-cylindrical band
called a trough-shaped structure, and a proximally located lamellate structure. The homologies of the
flagellar apparatus components of O. luteus and those of other chromophyte classes are discussed, and it is
clear that the flagellar apparatus of O. luteus shares various features with that of other chromophytes,
especially the Chrysophyceae. Similarities and differences of the flagellar apparatuses of O. luteus to those
of other raphidophycean algae are also discussed and an isolated taxonomic position of Olisthodiscus in the
Raphidophyceae is suggested. Despite the presence of considerable variations in flagellar apparatus struc-
tures, the Raphidophyceae should be accepted as a natural taxon.

Key Index Words: Chromophyta— Chrysophyceae—flagellar apparatus—Ilayered structure—Olisthodiscus

luteus— Raphidophyceae—rhizostyle.

The Raphidophyceae includes flagellates
containing chlorophyll a and ¢ and is gener-
ally placed in a supra-assemblage, the Chro-
mophyta, together with some other algae such
as chrysophytes, diatoms, xanthophytes, and
brown algae (e.g. Christensen 1989).

Morphological features that delineate the
raphidophytes from other chromophytan al-
gae are multiple chloroplasts, a ring of Golgi
bodies surrounding the anterior part of the
nucleus and an absence of a photoreceptor
apparatus (Hibberd 1986). The relationships
between raphidophytes and other chromophy-
tan algae are still not well understood. Some
phycologists (Parke and Dixon 1976, Silva
1980) rank this algal group as a class, the
Raphidophyceae. = However Christensen

!Present address: The Japanese Red Cross College of
Nursing, Hiro-o, Shibuya, Tokyo, 150 Japan.

(1980) divided the raphidophytes into two,
placing some in the Chrysophyceae and some
in the Xanthophyceae. Hibberd (1986) sug-
gested that the key to solving this taxonomic
problem lies in the structure of the flagellar
root system. Possible affinities of the Raphi-
dophyceae with other chromophyte algae was
recently reviewed by Heywood (1989).

Vesk and Moestrup (1987) studied the
flagellar apparatus of a marine raphidophyte
Heterosigma akashiwo (Hada) Hada in an initial
attempt to settle the dispute about this algal
group. They described a unique layered
structure associated with a band of microtub-
ules that had not been observed in other
groups of algae, and they suggested that it
might be a suitable feature for delineating the
Raphidophyceae. However, no detailed stu-
dies of the flagellar apparatus have been car-
ried out on any other raphidophytes.
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In this paper, we describe the detailed struc-
ture of the flagellar apparatus of a raphido-
phyte alga Olisthodiscus luteus Carter (1937)
and compare with other chromophytes in
order to obtain evidences for determining the
systematic position of the Raphidophyceae.
Based on our observations, we propose that
the Raphidophyceae should be recognized.
Similarities and differences in the flagellar
apparatus between O. luteus and other raphi-
dophytes are also discussed.

Material and Methods

The culture strain of Olisthodiscus luteus used
for this study is the same as that used for
our previous investigation (Hara et al. 1985)
which is now deposited in the Microbial
Culture Collection of the National Institute
for Environmental Studies (NIES), Tsukuba
Japan, as strain no. NIES-15 (Watanabe et
al. 1988).

The proceedure for transmission electron
microscopy is also the same as Hara et al.
(1985) except for the osmium fixation. Cells
were collected by centrifugation and were
fixed for 1hr in 2% osmium tetroxide in
0.1 M phosphate buffer. The cells were
rinsed in buffer twice, dehydrated with
ethanol and embedded in Epon 812. Serial
sections were cut with a diamond knife and
collected on slot grids. The order and orienta-
tion of the sections were monitored during
the whole procedure from sectioning to print-
ing of micrographs. Absolute orientations of
flagellar apparatus components were also
determined by triplets’ orientations of basal
bodies. All sections were stained with uranyl
acetate and lead citrate. Observations were
made with the JEOL 100C and 100CXII
transmission electron microscopes.

Results

General cell structure

Figures 1 and 2 are longitudinal sections
cut parallel and perpendicular to the dorsi-
ventral plane, and they demonstrate the
major cell organelles. Since we have already

published the general features of Olisthodiscus
luteus (Hara et al. 1985), we will describe only
a few additional features here.

A small depression or pit is present just
anterior to the flagellar insertion (Figs. 1, 34).
At the bottom of the pit are vesicles, termed
Golgi-derived vesicles (GDVs), containing
small round electron dense granules and rod-
like granules (Figs. 2, 13, 34). The rod-like
granules are referred to as scales since these
are also found covering the cell surface in sam-
ples of one to three months old cultures (Figs.
3, 4). Those scales on the cell surface are
more or less regularly arranged and intercon-
nected with each other by fibrous material
(Figs. 3, 4). The scales are cross-banded and
have ill-defined outlines (Figs. 3-6). The
scales are produced singly in Golgi cisternae
(Figs. 6, 25). It seems that scale-containing
vesicles merge with one another, resulting in
GDVs (Fig. 5), and then scales are released
outside the cell.

The structure of the pyrenoid canal is also
worth noting. This structure was previously
referred to as cytoplasmic canal (Hara et al.
1985), but it is actually a penetration of the
chloroplast membranes (Figs. 7-10). Inside
the canal is electron dense material which is
also observed in the space between the chlo-
roplast endoplasmic reticulum and the chlo-
roplast membranes, the periplastidal compart-
ment. This material is usually slender near
the mouth of the canal (Figs. 7, 9). It broad-
en proximally and fills the bottom of the
canal (Figs. 7, 10). The proximal broad
region is always seen more electron dense
than the distal slender region because the
material is more densely packed in the prox-
imal half of the canal (Fig. 7). When the
canal is broad and shallow, the material is not
slender near the mouth, however it is more
electron lucent than that filling the bottom
(Fig. 8).

Flagellar apparatus

Swimming and trailing flagella are desig-
nated as the anterior and posterior flagella,
respectively, and basal bodies of these are the
anterior and posterior basal bodies. A transi-
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Abbreviations used in figures
1, 2, 3, 4: microtubular flagellar roots R1, R2, R3 and R4. A: anterior basal body or anterior flagellum, CMT:
cytoskeletal microtubules, DF: distal fiber, G: Golgi apparatus, GDV(s): Golgi-derived vesicle(s), N: nucleus, P:
posterior basal body or posterior flagellum, PF: proximal fiber, PP: proximal-plate, PT: pit, R1LS: R1-associated
layered structure, R3LS: R3-associated lamellate structure, RH: rhizoplast, T'S: trough-shaped structure.

Figs. 1-2. Olisthodiscus luteus.

Figs. 1, 2. Longitudinal sections of cell cut perpendicular (Fig. 1) and

parallel (Fig. 2) to the dorsi-ventral axis. Configuration of major organelles is demonstrated. Basal bodies are

situated just anterior to the nucleus.
bars=5 ym.

tional helix is absent (Fig. 24) as in other
raphidophytes so far investigated (Hibberd
1979, Moestrup 1982, Heywood 1989). The
basal bodies make an angle of about 90 degree
and overlap their proximal ends in a counter-
clockwise orientation (as defined for green
algae, see O’Kelly and Floyd 1983, 1984a).
They are interconnected by two striated
fibers. The distal fiber links the distal end of
the basal bodies (Figs. 16-18, 24, 25). This

The R1 is associated with the pit and a Golgi-derived vesicle.

Scale

fiber is thicker and wider in the middle, and
striations are conspicuous at this point (Fig.
25). The proximal fiber seems to be striated
evenly, and attaches laterally to both the basal
bodies at their overlapping region (Figs. 24,
31, 35). There is an electron transparent
space in the middle of this fiber clearly separat-
ing it in half (Figs. 21, 22, 24, 31, 35). The
half of the fiber associated with the anterior
basal body juxtaposes with the most proximal
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Figs. 3-10. Olisthodiscus luteus. Fig. 3. Osmium fixation. Scales with a cross-banded pattern are situated
on the cell surface and are interconnected to one another by fibrous material. Fig. 4. Osmium fixation. A
transverse section of scales arranged more or less regularly and interconnected by fibrous material. Fig. 5. Golgi-
derived vesicles containing scales. Fig. 6. A part of Golgi cisternae containing scales. Fig. 7, 8. A pyrenoid canal

containing electron dense material.

Fig. 9. Transverse section of pyrenoid canal cut near the mouth. Fig. 10.

The same as Fig. 9 cut near the bottom. Scale bars=0.5 #m (Figs. 3-5, 7, 8, 10), 0.25 #m (Figs. 6, 9).

region of a broad microtubular root, R1
(Figs. 24, 31). The basal body complex is
linked to the nucleus by a broad fibrous root,
the rhizoplast (Figs. 20-23, 25), which is
short, very wide and often non-striated (Figs.
21, 25, 33), although its striated nature has
been demonstrated previously (fig. 18, Hara
et al. 1985). The rhizoplast is attached along
the entire length of the posterior side of the
posterior basal body (Fig. 25). It widens and

extends to the concave anterior surface of the
nucleus (Figs. 25, 34, 35). A peculiar elec-
tron-dense plate, referred to as the proximal-
plate, arises from the basal body complex
(Figs. 19-23, 24, 35). The proximal plate has
a well-defined sigmoid edge (Fig. 24), and is
attached anteriorly either to the proximal end
of the anterior basal body (Figs. 19-23) or to
the proximal fiber (Figs. 24, 35). Posterior-
ly, it joins with the rhizoplast and they extend
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Figs. 11-23. Consecutive serial sections of the flagellar apparatus of Olisthodiscus luteus. Micrographs show
images viewed from the anterior side of the cell. Configuration of most components of the flagellar apparatus can
be traced. The R3-associated lamellate structure is seen in Fig. 18. Two microtubules composing the R4 are seen
in Figs. 20, 21. Scale bar=1.0 #m. Scale bar in Fig. 11 is also applicable to Figs. 12-23.
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together towards the nucleus (Figs. 22-24).

Four microtubular flagellar roots were ob-
served, two per each basal body (called R1
and R2 for those associated with the anterior
basal body, and R3 and R4 for those associat-
ed with the posterior basal body).

R1 is a broad and compound root com-
prising c.15 microtubules aligned in a row
(Fig. 26) and an associated layered-structure
(abbreviated as R1LS) (Fig. 27, 28, 32). The
R1 microtubules arise along the anterior
basal body on the side away from the pos-
terior basal body (Figs. 16, 17). It extends
anteriorly bending clockwise when viewed
from above the flagellar insertion. The R1
returns to the vicinity of the basal bodies
so that it has a loop-like path as a whole
(Figs. 1, 29). The R1 is also characterized by
the nucleation of cytoskeletal microtubules
which emanate laterally (Figs. 32, 33), indi-
cating that a microtubule organizing center
(MTOC) is associated with this root. Cyto-
skeletal microtubules have been observed
in many cells but not in all since these are
not well preserved in fixed samples used in
this study. The R1LS is situated at one side
of R1 microtubules, the side where cyto-
skeletal microtubules arise (Figs. 32). It
seems to be associated with most of the length
of the R1 but not with the proximal part of the
root (Figs. 24, 26). High magnification of a
transverse section of the R1LS and associated
root microtubules is given in Figs. 27 and 28,
but it is difficult to show clearly its detailed
structure. Figure 38 is a tentative reconstruc-
tion of the R1LS which may help to clarify the

structure of R1LS. In transverse section,
two dense layers are visible above the R1
microtubules and less electron dense amor-
phous material overlies these layers (Figs. 27,
28). The RILS seems to be composed of
repeating units, electron dense triangular
components and several other components of
ill-defined outline (Figs. 28, 38). The latter
are less electron dense than the triangular
component. Adjacent triangular compo-
nents are interconnected by these ill-defined
components at both the distal and proximal
regions so that the R1LS appears as two lay-
ers in transverse and tangential sections
(Figs. 27, 33, 38). The RI1LS seems to be
linked to the R1 microtubules (Fig. 28). The
structure of each component is not clear but
our interpretation is shown diagrammatically
in Fig. 38. Each microtubule seems to carry
a short arm on the side away from the R1LS
(Figs. 28, 38). Cytoskeletal microtubules
probably arise from amorphous layer over-
lying the R1LS (Figs. 27, 28), suggesting that
it may have a MTOC role (Fig. 32).

The R2, another microtubular root as-
sociated with the anterior basal body, arises
from the opposite side of the R1 and extends
anteriorly (Figs. 19, 20, 29). It is much less
conspicuous than all other roots of this alga,
and is probably composed of a single micro-
tubule which terminates a short distance
inside the path made by the R1 (Figs. 19, 20).

The R3 is a compound root that extends
directly along the ventral side of the nuclear
surface in a posterior direction and beneath
the plasmalemma (Figs. 34, 36). It is com-

Figs. 24-31.
orientation of the basal bodies.

Flagellar apparatus of Olisthodiscus luteus. Fig. 24. A section illustrating a counterclockwise
The striated proximal fiber with an electron-transparent gap at the middle

(arrowhead), the proximal plate that interconnects the flagellar apparatus and the nucleus and R1 attaching to
the anterior basal body are seen. Note that transitional helix is absent in the transition region of the posterior
flagellum. Fig. 25. A rhizoplast connecting concave anterior end of the nucleus and entire posterior side of the
posterior basal body. The distal fiber and the R1 are also visible. Fig. 26. Transverse section of R1 at its most

proximal part. Note that no Rl-associated layered structure is visible.

Fig. 27. Transverse section of R1-

associated layered structure. Note two electron dense layers and overlying amorphous material. Fig. 28. High

magnification of the R1-associated layered structure.

Fig. 29. The clockwise path of the R1.

Orientations of

other three roots can also be traced. Fig. 30. Paths and structure of the R3 and R4. The R3-associated lamel-
late structure situated at the proximal part of the R3 (indicated by a bracket), trough-shaped structure (small
arrows) and R3 microtubules (large arrows) are seen. Clockwise path of the R4 is also seen. Fig. 31. Similar
section to Fig. 30, but of slightly different angle. Both edges of the trough-shaped structure (small arrows) are
seen sandwiching microtubular components (large arrows). Proximal fiber with a gap is also visible (arrowhead).
Scale bars=1.0 #m (Figs. 24, 25, 29, 30, 31), 0.5 gm (Fig. 26, 27), 0.1 #m (Fig. 28).
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posed of five microtubules, a thin half-cylin-
drical band called a trough-shaped structure
and an associated lamellate structure called
R3LS (Figs. 17-23, 30, 31, 34, 35). The
microtubules are along the concave surface of
the trough-shaped structure (Figs. 30, 31) and

appear as an arc in transverse section (Figs.
36, 37). The trough-shaped structure does
not attach directly to the basal bodies, but
arises from a region some distance distal to
the posterior basal body, and extends
posteriorly (Figs. 30, 31, 34). The R3LS is
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Figs. 38. A tentative reconstruction of a possible structure of the R1-associated layered structure of

Olisthodiscus luteus. See text for explanation.

seen only at the proximal region of the R3
(Figs. 18, 30). It is made up of an electron
dense plate and several lamellae which are
regularly arranged and projecting towards the
basal body (Fig. 35). At the proximal region
of the R3, dense material lies on the trough-
shaped structure and R3LS (Figs. 30, 35,
36). It continues posteriorly as a dense bar
situated in the concave surface of microtub-
ules (Fig. 37). R4 is a simple root, probably
made up of two microtubules (Figs. 20, 21,
30), and arises from the opposite side of the
R3, extends posteriorly, bends clockwise
when viewed from the flagellar insertion, and

Not to scale.

its distal end is close to the R3 (Figs. 21, 30).

The flagellar apparatus as a whole has an
extremely asymmetrical architecture, but all
the components are arranged in a single abso-
lute configuration. This is summarized di-
agrammatically in Fig. 39 which also incor-
porates some data from a previous paper
(Hara ez al. 1985).

Discussion

Observations obtained in this study make it
possible to consider homologous relationships
between the flagellar apparatus of Olisthodiscus

Figs. 32-37.
tubules.
microtubules viewed from different angle.

Flagellar apparatus of Olisthodiscus luteus. Fig. 32. R1 and associated cytoskeletal micro-
Note that cytoskeletal microtubules arise from electron-dense material. Fig. 33. R1 and cytoskeletal
The Rl-associated layered structure is seen as two dense lines

(arrowheads). Fig. 34. A section cut in similar plane as Fig. 2 but viewed from opposite direction. Positional
relationships between the pit, R1 and Golgi-derived vesicle is illustrated. A trough-shaped structure (small
arrows) and microtubular components (large arrows) comprising R3 are extending posteriorly above the nucleus
and beneath the plasmalemma. A scale is visible in the Golgi-derived vesicle (arrowhead). Fig. 35. A section
from the same series of serial sections as Fig. 24. Transverse view of the R3-associated lamellate structure is seen
as an thin plate and associated lamellae projecting inward. Electron-transparent gap of the proximal fiber (ar-
rowhead) is also seen. Fig. 36. Transverse view of the trough-shaped structure and associated electron dense
material. Fig. 37. High magnification of transverse section of trough-shaped structure and R3 microtubules.
Scale bars=0.5 #m (Figs. 32, 35, 36), 1.0 um (Figs. 33, 34), 0.25 ym (Fig. 37).
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Fig. 39. Reconstruction of the flagellar apparatus of Olisthodiscus luteus. Not to scale.

luteus and that of other chromophyte classes.
The anterior and posterior flagella of the
raphidophytes are homologous to those of the
other chromophyte classes based upon the oc-
currence of mastigonemes and the configura-
tion of the basal bodies. In Fig. 40, diagram-
matic reconstructions of the flagellar ap-

paratuses of chrysophytes, brown algae and
O. luteus are shown based on the available
data (Bouck and Brown 1973, Andersen
1987, 1990 and Owen et al. 1990a for chryso-
phytes, Henry and Cole 1982, O’Kelly and
Floyd 1984b, O’Kelly 1989a for brown al-
gae). Each basal body has two microtubular
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Fig. 40. Diagrammatic representation of flagellar apparatuses (viewed from above the flagellar insertion) of
a typical chrysophyte (A) (based on Andersen 1990 and Owen et al. 1990a), brown algae (B) (based on O’Kelly and
Floyd 1984, O’Kelly 1989a), and Olisthodiscus luteus (C). Structures labeled by the same characters or numbers are
considered homologous. See text for explanation. Not to scale.

roots and these roots arise from the same sides
of homologous basal bodies, so that the roots
labeled by the same numbers in Fig. 40 are
homologous to one another. This is sup-
ported by observations that one of the micro-
tubular roots associated with the anterior
flagellum, R1, is responsible for nucleating
cytoskeletal microtubules (Bouck and Brown
1973, Schnepf et al. 1977, Henry and Cole
1982, O’Kelly and Floyd 1984b, Andersen
1987, 1991, Preisig 1989), and that, when
viewed from above the flagellar insertion,
it has a clockwise path. This is also the case
for the R1 of Heterococcus tectiformis (O’ Kelly
1989b), an only xanthophyte alga of which
flagellar apparatus has been studied in
enough detail. The R1 is thus not only posi-
tionally but also, at least partially, function-
ally homologous in all algal groups concerned
here. The clockwise path is also found in
a eustigmatophyte Vischeria stellata (Santos
and Leedale 1991). Although R1-associated

cytoskeleton is absent in this alga, there is no
question about their homology to R1 of other
chromophytes. Homologous relationships of
basal bodies and R1 in chromophyte algae
lead us to further considerations of positional
homologies of other roots.

The features of the R2 root are also held in
common in many chromophyte algae: it is
simple, most typically made up of a single
microtubule, extends straight only a short dis-
tance, and terminates inside the R1 path.
Olisthodiscus also resembles many chromo-
phytes in this respect. A eustigmatophyte
Vischeria stellata is once again exceptional,
where R2 is made up of two microtubules and
forms an antiparallel loops together with R1
(Santos and Leedale 1991).

The position where the R3 is situated in
typical chromophyte flagellar apparatus is
occupied by a structure called a rhizostyle. In
Heterosigma akashiwo, the rhizostyle passes be-
tween two basal bodies and reaches anteriorly
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to the flagellar groove and extends posteriorly
between the plasmalemma and nuclear sur-
face (Vesk and Moestrup 1987). The R3 of
Olisthodiscus occupies the same position in re-
lation to basal bodies, but it does not extends
anteriorly beyond the basal bodies. The com-
ponents of the rhizostyle has not been docu-
mented in enough detail. In H. akashiwo,
the rhizostyle is rather fibrillar than micro-
tubular, and in other raphidophytes it may
contain microtubules in addition to fibrillar
components (Vesk and Moestrup 1987).
The R3 or rhizostyle of O. luteus consists of
five microtubules, a trough-shaped structure
and R3LS and obviously associated with
the posterior basal body. The arrangement
pattern of microtubules is particularly interest-
ing when we consider homologous relationship
of this root and that of other chromophytes.
In O. luteus, five microtubules form a trough-
like structure along the concave side of the
trough-shaped structure. In some chryso-
phytes such as Dinobryon cylindricum Imhof.
(Owen et al. 1990a), Uroglena americana
Calkins (Owen et al. 1990b), Chrysosphaerella
brevispina (Andersen 1990) and Epipyxis
pulchra (Andersen and Wetherbee 1992), the
R3 consists of six microtubules and these
are organized in a trough-like structure at
the proximal region. Four of these micro-
tubules are rather short and terminate in
some distance, and the rest two microtu-
bules extend further and form a loop. In C.
brevispina, a thin band is associated with
these loop-forming two microtubules (Ander-
sen 1990). This band resembles the trough-
shaped structure of O. luteus in its position and
thickness (about one third of microtubule di-
ameter) (Fig. 37, see also fig. 12, 16 in Ander-
sen 1990), suggesting that these structure are
homologous to each other. All these similari-
ties support homologous relationship of the
R3 of O. luteus and R3 of the chrysophytes.
All chrysophyte algae mentioned above are
mixotrophic organisms and are able to feed
prey particles such as bacteria, small blue
green algae and organic detritus. It has re-
cently been clearly demonstrated in Epipyxis
pulchra that R3 plays an important role in a

food-cup formation during phagotrophy (An-
dersen and Wetherbee 1992, Wetherbee and
Andersen 1992). In contrast, Olisthodiscus
luteus is not mixotrophic and, as far as we
know, there has been no record of phago-
trophy in raphidophytes which possess chlo-
roplasts, and there is no evidence to include
the chloroplast-less (therefore assumed to be
phagotrophic) genera in the Raphidophyceae
(Heywood 1980).

Another functional role of the R3 in many
chrysophytes seems to be determining the
position of the eyespot beneath the flagellar
swelling of the short flagellum (=posterior
flagellum). In brown algae, R3 (usually
referred to as major posterior rootlet, MPR)
occurs in many species which possess an
eyespot (Motomura 1989), suggesting that
R3 contributes to determine the position of
the eyespot perhaps together with so-called
bypassing root. The flagellar swelling and
eyespot probably act together as a photore-
ceptor apparatus and play an important role
in phototactic response as has been revealed
in brown algal swarmers (Kawai et al. 1990,
Kawai 1992). Flavin-like autofluorescence
substance is present in the flagellar swelling
and it probably acts as photoreceptor (Cole-
man 1988, Kawai 1988, Miller ¢t al. 1988).
The eyespot reflects and focuses light on the
flagellar swelling (Kawai et al. 1990, Kreimer
et al. 1991). Raphidophytes have neither the
eyespot nor the flagellar swelling, and no au-
tofluorescence is detected in the posterior
flagellum (Coleman 1988, Kawai and Inouye
1988).

Despite of various morphological similari-
ties, functional roles of the R3 of raphido-
phytes are obviously different from those of
the chrysophytes. This seems to indicate that
morphological features of R3 are rather con-
servative and would be useful for delineating
higher taxa. The R3 or rhizostyle in raphido-
phytes seems to act as a backborn of the cell as
it extends posteriorly along the longitudinal
axis of the cell. Anchoring the flagellar ap-
paratus in the proper position may be another
function of R3.

The path of R4 is interesting in that it has
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a clockwise path in both chrysophytes and O.
luteus. A similar path is also found in R4
(=minor posterior root) of brown algae and
in the chrysophyte Giraudyopsis stelifer which
is thought to be closely related to the
Phaeophyceae (O’Kelly and Floyd 1985),
although it is more or less straight and the
radius of curvature is much smaller than that
of chrysophytes and O. luteus.

All these flagellar root homologies listed
above adequately support a close affinity be-
tween O. luteus and other chromophyte class-
es, especially chrysophyte algae, and the
flagellar apparatus of Olisthodiscus falls into
the same category to which many chromo-
phyte algae also belong.

Despite of similarities of general cell mor-
phology mentioned in the introduction, O.
luteus has many features in the flagellar ap-
paratus distinct from other raphidophytes.
The flagellar apparatus of O. luteus is different
in various respects from that of Heterosigma
akashiwo, the only other raphidophyte of
which flagellar apparatus has been described
in detail (Vesk and Moestrup 1987). Com-
parisons of the flagellar apparatus compo-
nents of O. luteus, H. akashiwo and other
raphidophytes suggest that the raphidophytes
are highly diverse as far as flagellar apparatus
structure is concerned. For example, the R2
and R4, distal connecting fiber and proximal-
plate found in Olisthodiscus have not been
found in other raphidophytes. The presence
of a connecting fiber was suggested for H.
akashiwo, but this is situated at the proximal
side of the basal bodies (Fig. 8c in Vesk and
Moestrup 1987) and it should be regarded as
a proximal fiber. There are some other differ-
ences between the flagellar apparatuses of
these two raphidophytes. The R1 of O. luteus
and the homologous broad root of H. akashiwo
have a layered-structure, but its position and
structure is different between these two spe-
cies. In H. akashiwo, the layered structure is
on the side facing the basal bodies at the prox-
imal end of the microtubules, whereas in O. [ut-
eus the R1LS is situated on the opposite side
of the basal bodies at some distance away
from basal body complex, and continues

some distance along the root microtubules.
In the region of the layered structure, each
microtubule of H. akashiwo has a stalk that ex-
tends towards the basal bodies, broadening to
form the intermediate layer of the layered
structure, then forking into two filaments that
sit on the electron-dense base plate (Vesk and
Moestrup 1987). In addition, the intermedi-
ate layer and the base plate are closely con-
nected to some triplets of the anterior basal
body, and the striated root is also in contact
with the base plate. These features are dis-
tinctly different from the R1LS of O. luteus
where the base plate is lacking, and there is no
contact either with basal body triplets or the
striated root. Similarities of the layered struc-
ture of H. akashiwo and that of other raphido-
phytes such as Chattonella subsalsa Biecheler
(see Figs. 12, 13 in Mignot 1976), Gonyosto-
mum semen (Ehrenberg) Diesing (pl. IV-6 in
Mignot 1976) and Vacuolaria virescens (Hey-
wood 1972) have been suggested (Moestrup
1982). In these species, the layered structure
covers on one side of the sheet of microtubu-
lar root. A homologous relationship between
the layered structure of these raphidophytes
and Olisthodiscus is thus unlikely. The R1LS
seems to be a structure unique to Olisthodiscus.

The path of the R1 is also considerably
different, that is, it extends straight anteriorly
in H. akashiwo, whereas it has a loop-like ap-
pearance in O. luteus and has GDVs inside the
loop.

A flagellar root probably homologous to the
R3 of O. luteus was observed in other raphido-
phytes. It is called as rhizostyle and has been
thought to be a unique feature to raphido-
phytes (Preisig 1989). The rhizostyle of H.
akashiwo may contain microtubules in addi-
tion to fibrillar components (Vesk and Moes-
trup 1987). A root called a rhizostyle is
found in Chattonella subsalsa (Mignot 1976),
Gonyostomum semen (Mignot 1967) and Vacuolar-
ta virescens (Heywood 1980). This root seems
to be composed of microtubules and fibrous
or membranous elements (see fig. 16 in Mig-
not 1976, fig. 4 in Heywood 1980) and runs
posteriorly along the nuclear surface. A
structure similar to the trough-shaped struc-
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ture is probably present in G. semen (pl. IV-7
in Mignot 1967). In C. subsalsa, this root also
extends anteriorly over the basal body com-
plex as it does in H. akashiwo. In all these
raphidophytes the rhizostyle is present and
may be consisting of similar components to
the R3 of O. luteus, although these should be
reinvestigated in detail.

The presence of such differences between
raphidophytes suggests that the raphido-
phytes are relatively far from one another in
terms of evolutionary relationships, and
Olisthodiscus must have a discrete position.
It does not mean that they have polyphyletic
origins, however; the class Raphidophyceae
may include organisms which are diverse in
flagellar apparatus components, but we con-
sider that they are derived from a common an-
cestor because the layered structure of Heter-
osigma-type and the rhizostyle are widely dis-
tributed in this class and has not been found
in other algal classes. Features previously
proposed in the circumscription of the
Raphidophyceae (Hibberd 1986) probably
support this. Taxonomic treatments separat-
ing the raphidophytes into two based on pho-
tosynthetic pigment composition such as that
proposed by Christensen (1980) are, in our
opinion, of dubious value. Detailed analysis
of the flagellar apparatuses of other raphido-
phyte genera may provide further supporting
evidence.
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Tissue culture and the developmental condition of callus from
young sporophytes of Eisenia bicyclis (Kjellman) Setchell
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Notoya, M., Nagashima, M. and Aruga, Y. 1992. Tissue culture and the developmental condition of
callus from young sporophytes of Eisenia bicyclis (Kjellman) Setchell (Laminariales, Phaeophyta). Jpn. J.
Phycol. 40: 349-352.

Rectangular pieces (1-4 mm?) excised from young sporophytes (3-5mm long) of Eisenia bicyclis
(Kjellman) Setchell were cultured at different temperatures (10-25°C) and light intensities (1000-8000 lux),
and the development and differentiation of callus were observed. A line of one or two callus-like cells were
produced on the cut edge of explants from the sporophyte after four days in liquid culture. These cells were
hemispherical and pigmented only a very little. After three weeks the callus was cut off from the original
sporophyte piece and cultured in liquid medium. In about two weeks, a part of the callus cells differen-

tiated and grew up to blade-like plantlets.

The growth of callus was optimal at 20°C and 1000

lux. Higher temperatures and light intensities were effective in the differentiation of callus cells to

blades.

Key Index Words:
young sporophyte.

We reported that dedifferentiated young
sporophyte cells of Laminaria japonica devel-
oped into filamentous male and female
gametophytes, which produced sporophytes
after fertilization (Notoya and Aruga 1990a).
We also reported in Ecklonia cava that the cal-
lus developed spontaneously on the young blade
which was formed parthenogenetically from
female gametophyte and small cut pieces of nor-
mal young sporophyte differentiated to blade-
like thalli (Notoya and Aruga 1991a). In these
experiments cultures were not axenic, how-
ever the culture technique is easy and within
a very short period of time the callus was
formed from the excised pieces of young sporo-
phytes and the blade differentiated from the
callus. In this paper we report the result of
cultures of small pieces of tissue cut from
young sporophytes in Eisenia bicyclis.

Material and Methods

A mature sporophyte of Eisenia bicyclis

callus—development—Eisenia bicyclis— Laminariales— Phacophyta—tissue culture—

(Kjellman) Setchell was collected at Ohsaki in
Zushi, Kanagawa Prefecture, on April 10,
1990. A part of the blade surface with ma-
ture sori was cleaned up with a paper towel
and excised. The excised pieces of about 4
cm? were further cleaned several times by
sterilized seawater and a paper towel. They
were put into Petri dishes filled with sterilized
seawater for an hour. Liberated zoospores
were collected by a glass pipet and transferred
into a new Petri dish with sterilized sea-
water. They were washed three times repeat-
edly in the same manner. The zoospores
attached on the slide glass were cultured at
15°C and 40001ux (14L:10D). Modified
Grund medium (McLachlan 1973) was used
and renewed every week. From the attached
zoospores, gametophytes developed and ma-
tured within three weeks. In eight weeks
young sporophytes developed to 3-5 mm long
(Fig. 1A), from which rectangular blade
pieces 1-4 mm? were cut out for tissue cul-
ture.
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The artificial seawater “Jamarin S” (Jama-
rin Laboratory) enriched with PESI (Tate-
waki 1966) was used for culture of the sporo-
phyte pieces. The cultures were incubated
at 15°C and 4000 lux (14 L : 10 D). Separated
calluses were cultured in 40 m/ flasks with
liquid medium at 15°C and 12000 lux (14 L :
10 D). The culture medium was renewed
once a week. The illumination was supplied
by cool white fluorescent lamps.

Callus formation was examined at different
temperatures (10, 15, 20, 25°C) and light in-
tensities (1000, 2000, 4000, 8000 lux) with a
photoperiod of 14 L. : 10 D. Eight pieces of 4
mm? from the central part of young blades
were used. . The height of callus was mea-

sured with a micrometer under the micro-
scope.

Results and Discussion

Callus-like cells were produced in 1-3 cell
lines on the cut edge of a piece of single-cell-
layered blade after 4 days in culture (Fig.
1B). They were hemispherical and larger
than the original blade cell. They had a few
small pigments and were transparent and pale
yellow (Fig. 1C). These callus-like cells were
similar to the callus cells just before differenti-
ation from explants of large natural plants in
Ecklonia cava (Notoya and Aruga 1989, 1991a,
Notoya 1990), Eisenia bicyclis (Notoya and

Fig. 1.
sporophyte of Eisenia bicyelis cultured for three weeks after fertilization at 15°C and 4000 lux (14 L : 10 D). (B) A

piece of a single-layered part of young sporophyte after four days in culture.

Tissue culture from young sporophyte explants of Eisenia bicyelis (Kjellman) Setchell. (A) A young

(C) Enlarged callus-like cells

developed on the cut edge of the explant. (D) A piece of the lower part of a sporophyte cultured for a week. (E) A

piece of the lower part of a sporophyte cultured for three weeks.

sporophyte piece and cultured for a week.

(G) Primordia of blade-like sporophytes.
sporophytes three weeks after the separation of callus from the sporophyte piece.

(F) Mass of callus cells separated from the
(H) Developed young
Bars, 100 #m in (B)-(H).
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GROWTH (um)

Fig. 2.

Growth of callus at different tempera-
tures and light intensities (from left to right 1000,
2000, 4000 and 8000lux at each temperature).
Columns shaded on the top indicate the formation
of blade-like sporophytes from callus. Vertical lines
for half the standard deviation.

Aruga 1990b), Laminaria japonica (Kirihara et
al. 1991) and Undaria pinnatifida (Notoya and
Aruga 1991b).

In the lower part of a blade of young sporo-
phyte tissues were partly single- and partly
multi-cell-layered. After eight days it was ob-
served that the callus-like cells were arranged
in single-cell-layer on the single-cell-layered
part and in multi-cell-layer on the multi-cell-
layered part of the blade piece (Fig. 1D). Af-
ter two weeks, massive callus cells were ob-
served to have propagated vigorously from
the multi-cell-layered part of the blade, but
not many callus cells were produced from the
single-cell-layered part of the blade (Fig.
1E). After three weeks, these clumps of cal-
lus cells were separated from the original
piece of blade explant and transferred to the
culture under a high light intensity of 12000
lux (Fig. 1F). Two weeks after separation
from the original explant, primordia of blade-
like sporophyte differentiated from the callus
(Fig. 1G). In addition, irregularly shaped
blade-like plantlets with transparent rhizoidal
cells were observed on the mass of callus (Fig.
1H).

The growth of callus at various tempera-
tures and light intensities was compared in

Fig. 2. After 4 days the height of callus was
not greatly different at each light intensity
from 10 to 20°C, while at 25°C it was smaller
than that at 10-20°C. After eight days, the
size of callus increased at 15 and 20°C, espe-
cially at 1000 lux. The highest growth of cal-
lus was attained at 20°C and 1000 lux after
sixteen days. The calluses grew well also at
10°C under all the light intensities and at
15°C and 1000 lux. The differentiation of
callus cells to blade-like plantlets was ob-
served at 15°C under 2000-8000 lux, at 20°C
under 2000-8000 lux and at 25°C under all
the light intensities. Thus, it is clear that the
growth of callus was fast at lower tempera-
tures and lower light intensities, and the cal-
lus differentiated to blade-like plantlets at
higher temperatures and higher light intensi-
ties in this species.
tained with explants from the natural materi-
al in Eisenia bicyclis (Notoya and Aruga
1990Db).

Two types of differentiation have been
reported in the tissue culture from young
sporophytes of Laminariales; sporophytes
were produced directly from the callus (Saga
et al. 1978, Notoya and Aruga 1991a) and by
fertilization of aposporously formed male and
female gametophytes (Notoya and Aruga
1990a). In the present culture experiment of
young sporophyte explants in Eisenia bicyclis
the callus differentiated directly to young
sporophytes.

The manner of differentiation of callus cells
produced from the young sporophyte explant
in the present experiment was similar to that
of callus cells produced from the explant of
natural materials of Ecklonia cava and Eisenia
bicyclis (Notoya and Aruga 1989, 1990b). In
such a way like this the callus can be produced
easily and differentiate to sporophytes in a
very short period of culture. Thus, it is sug-
gested that the present procedure for tissue
culture is useful for seed production of
Lamiariales plants.

Similar results were ob-
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Horiguchi, T. and Pienaar, R.N. 1992. Amphidinium latum Lebour, a sand-dwelling dinoflagellate feeding
on cryptomonads. Jpn. J. Phycol. 40: 353-363.

An unarmoured dinoflagellate, Amphidinium latum Lebour found in marine tidal pools off the South
African coast has been studied at the light and transmission electron microscope level. These studies have
revealed that the dinoflagellate often possesses what initially appear to be chloroplasts of varying colour but
are actually different species of cryptomonad cells that have been ingested by the dinoflagellate. Three
types of cryptomonads (Type 1, Type 2 and Type 3) have been found in the dinoflagellate cytoplasm: 1)
Type 1 is yellowish-brown in colour and possesses a nucleomorph embedded in pyrenoid matrix which is
not traversed by any thylakoid bands, 2) Type 2 is blue-green in colour and possesses a nucleomorph
situated external to pyrenoid matrix which is traversed by many thylakoid bands, and 3) Type 3 is bright-
green in colour and possesses a nucleomorph external to pyrenoid matrix which is traversed by a single pair
of thylakoids. A possible division stage of the chloroplasts has been observed in the cryptomonads within
the dinoflagellate, suggesting that they may remain photosynthetically active. It was confirmed that 4.
latum is phagotrophic and feeds on several species of cryptomonads.

Key Index Words: Amphidinium latum—cryptomonad—dinoflagellate—endosymbiosis—phagotrophy—

sand-dwelling—ultrastructure.

In 1925, Lebour described a small species
of Amphidinium, A. latum Lebour which was
originally found in a sample from Culler-
coats in Europe. In her description, she men-
tioned that this dinoflagellate was holozoic
and that all the specimens possessed green-
coloured “food cells”. Her drawing clearly
shows two “food cells” located in the hypo-
cone and a pyrenoid-like structure in each
food cell. The fact that all the specimens pos-
sessed the same kind of food cells seems to sug-
gest that the dinoflagellate specifically feeds
on certain species of unicellular algae.

Herdman (1924) found the same species in
a sand sample from Port Erin, Isle of Man
and she, by referring to Lebour’s manuscript,
identified it as A. latum. She mentioned that
the cell possessed bright green globules and
also noticed an orange-coloured body some-
where in the cell. It is possible that these
bright green globules are same as the Le-
bour’s “food cells”.

Recently, Larsen (1985) described a small
species of Amphidinium, A. poecilochroum Lar-
sen from the Danish coast. This rather
peculiar dinoflagellate is characterized by pos-
sessing 4 to 8 chloroplasts of varying colour,
viz. blue-green or yellow-green. Later, Lar-
sen (1988) demonstrated that this dinoflagel-
late is, in fact, phagotrophic and feeds on
small species of cryptophytes. Different spe-
cies of cryptomonads engulfed by the dino-
flagellate were responsible for the variation in
“chloroplast” colour. Although the cryptomonad
cells were eventually digested, this dinoflagel-
late is worthy of some attention, because it
may represent the earliest stage of chloroplast
acquisition via an endosymbiotic process
(Larsen 1988).

During the course of our studies on tidal
pool and sand-dwelling dinoflagellates along
the Natal coast, South Africa, we often en-
countered a small species of Amphidinium
whose chloroplasts were variable both in num-
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ber and in colour. This unique cytological
feature prompted us to undertake an ultra-
structural study of this dinoflagellate which we
subsequently identified as 4. latum. In this
paper, we demonstrate that Amphidinium latum
is, as Lebour (1925) stated, holozoic and feeds
specifically on cryptomonads.

Materials and Methods

A few specimens of Amphidinium latum were
found in a sand sample collected from the
large artificial marine swimming pool at Palm
Beach, Natal, South Africa (28 Sep. 1985; 24
May 1986; 14 May 1987) and considerable
numbers have also been collected from sand
collected from a tidal pool at Amanzimtoti,
Natal (13 May 1987).

Since the sand sample from Amanzimtoti
contained a large number of 4. latum, we were
able to undertake electron microscopical ob-
servations. For electron microscopy, 4. la-
tum cells together with other flagellates were
collected by gentle centrifugation. Then they
were fixed and embedded as mentioned by
Pienaar and Aken (1985). Observations
were made using a JEOL 100CX transmis-
sion electron microscope.

Individual cells were picked up and placed
in sterilized seawater. After two weeks of
starvation in seawater, cultured cryptophyte
cells (Chroomonas sp.) were given to the
dinoflagellates. The opportunities of observ-
ing phagotrophy in culture were few and we
were able to observe ingestion of crypto-
monad cell by dinoflagellate only once.

Observations

Light microscopy

The cell (Figs. 1-4) is broadly sac-shaped in
ventral view and dorsiventrally compressed,
measuring 16.0-22.0 ym in length and 16.0-
22.0 gm in width. The epicone is small and
has a moderately curved apex, while the hypo-
cone is large and has a rounded antapex.
The posterior part of the hypocone is notched
by the distal end of the sulcus. The left side
of the hypocone is slightly longer than the

right side. The cingulum is well excavated
and slightly left-handed. The sulcus is
narrow and extends into the epicone nearly to
the cell apex. The sulcus extends to the ant-
apex. Although the cell shape is normally
somewhat angular as shown in Figs. 1-3, the
cell shape is quite variable and rounded cells
(Fig. 4) have also been observed.

The nucleus is ovoid and is located in the
centre of the upper portion of the cell. The
dinoflagellate contains one to four coloured
bodies which appear to be chloroplasts.
Ultrastructural observations revealed that
these “chloroplasts” are in fact cryptomonad
cells which are taken up by the dinoflagellate
(see below). Recently collected specimens
possessed three differently pigmented cryp-
tomonad cells, viz. yellowish-brown, blue-
green and bright green. The different colours
are due to the fact that a dinoflagellate can
harbor three different types (species) of crypto-
monads. Although the dinoflagellate may pos-
sess one to four cryptomonads, the majority
of cells contain two, one on each side of the
nucleus (Fig. 2). In most cases, the ingested
cryptomonad cells are located in the hypocone,
while in some cases, they are found in the
epicone as well as in the hypocone (Fig. 3).
Very rarely, a small cell was found to possess
no cryptomonad cells.

Although the dinoflagellate survived for
two weeks in seawater medium, it did not di-
vide during this period. It started to divide,
however, after Chroomonas cells were added to
the culture medium. All the offsprings of the
dinoflagellate possessed cryptomonad cells in
their cytoplasm. Although we were able to
observe only one case, the way the dinoflagel-
late captures and engulfs its prey seems to be
similar to that reported for Amphidinium
poecilochroum (Larsen 1988). The crypto-
monad cell is captured and drawn into dino-
flagellate cell through the sulcal region. The
possible involvement of peduncle could not
be confirmed.

Transmission electron microscopy
The dinoflagellate cytoplasm contains typi-
cal dinoflagellate organelles, including a
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Figs. 1-4.

Light micrographs of Amphidinium latum Lebour. Figs. 1-2. Through focus of a live cell with two

cryptomonad cells. In this case, the left cryptomonad is yellowish-brown in colour, while the right one is blue-
green in colour. Fig. 1 shows the slightly left-handed cingulum. Fig. 2. A distinctive pyrenoid can be seen in each
cryptomonad cell (arrowheads). In the pyrenoid matrix of the left-hand side cryptomonad, a narrow slit can be
seen (left arrowhead). Fig. 3. A slightly larger cell containing four cryptomonad cells—all of the cryptomonad
cells are bright green in colour. Note that all these cryptomonads are relatively small compared to those of Fig. 2.
Fig. 4. A rounded cell which resembles Lebour’s original figure (1925, pl. II, Fig. 3).

dinokaryotic nucleus (Fig. 5), mitochondria
(Fig. 8), dictyosomes, trichocysts (Fig. 5) and
a pusule (Fig. 6). The pusule consists of a col-
lecting chamber and many spherical pusular
vesicles (Fig. 6). Many bacterial cells which
are surrounded by a single unit membrane
have been observed (Fig. 7). Starch grains
are scattered throughout the cytoplasm (Fig.
8). The peripheral region of the cell is occu-
pied by many vesicles which contain an amor-

phous material and they are thought to be
mucilage-producing vesicles (Fig. 8).

The cryptomonad cell

We were able to distinguish three species of
cryptomonads based on their colour and
ultrastructural features.  Although some
modifications in cell structure were evident,
all three species ingested by the dinoflagel-
lates share the features characteristic of the
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Figs. 9-10. Type 1 cryptomonad cell, showing multiple “pyrenoid (P)-nucleomorph (nm)-complex”. Note
that cryptomonad cytoplasm is enclosed by a single membrane. Fig. 10. Multiplication of the chloroplast has
taken place and three chloroplasts can be recognized. Each chloroplast possesses a single pyrenoid with an
nucleomorph. Disjunctures of chloroplasts are indicated by arrows.

Figs. 5-8. General cell structure of Amphidinium latum. Fig. 5. A longitudinal section, showing a dinokaryotic
nucleus (Dn) and two cryptomonad cells. (Cn=cryptomonad nucleus; t=trichocyst) Fig. 6. Pusule (Pu). Fig. 7.
Bacterial cells (B) surrounded by a single unit membrane system. Fig. 8. Peripheral region of a cell, showing
mucilage producing vesicles (arrowheads), starch grain (S) and dinoflagellate mitochondrial profile (Dm).
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Cryptophyceae, such as the possession of a
nucleomorph (Figs. 9, 11, 15), the presence of
a plastidial complex enclosed by a double unit
membrane (chloroplast endoplasmic reticu-
lum), and the possession of paired thylakoids
whose lumen is filled with amorphous materi-
al (Fig. 13). Cryptomonad cytoplasm is en-
closed by a single membrane (Fig. 9). Ultras-
tructurally, the three types are readily distin-
guished from one another by the structure of
the pyrenoid and the position of the nucleo-

morph. We designate them as Type 1, Type
2 and Type 3 cryptomonad, respectively.
The correlation between the ultrastructural
type and the chloroplast colour was confirmed
by means of light microscopy using morpho-
logical features, such as the presence of a nar-
row slit in the pyrenoid matrix (Type 1), the
shape of starch sheaths and the cell size (Type
2 and 3).

The nucleomorph of Type 1 is embedded in
the pyrenoid matrix. This feature can be

Figs. 11-13.
tomonad cell. Fig. 12. Detail of nucleomorph. Fig. 13. Paired thylakoid bands each with a thickened lumen.

Type 2 cryptomonad cell. Fig. 11. Longitudinal section, showing general structure of the cryp-
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recognized as narrow slit in the pyrenoid
matrix under the light microscope (Fig. 2)
and thus, we were able to confirm that the
yellowish-brown cell is the Type 1 crypt-
omonad. The pyrenoid matrix itself is not
traversed by any thylakoid bands (Figs. 5 on
the left, 9, 10). The number of pyrenoids per
cell varies from one to three and each pyre-
noid contains a nucleomorph (Figs. 9, 10).
Some sections reveal that a single chloroplast
possesses two pyrenoid-nucleomorph-com-
plexes (Fig. 9). Other sections show that a
single cell contains three chloroplasts. In the
latter case, each chloroplast possesses a single
pyrenoid with a nucleomorph (Fig. 10). In
both cases, the number of chloroplasts was
confirmed by serial sections. From these ob-
servations, one can infer that multiplication
of the cryptomonad plastidial complex takes
place in the dinoflagellate cell. Other ultras-
tructural modifications are the absence of the
periplast, the flagellar basal bodies and the

Figs. 14-15. Type 3 cryptomonad cell.
general structure of the cell.

ejectisomes.

Type 2 is characterized by possessing a
pyrenoid whose matrix is traversed by many
thylakoid bands (Fig. 5 on the right, Fig.
11). The nucleomorph is situated outside
the pyrenoid matrix (Fig. 12). The absence
of the periplast, basal bodies and ejectisomes
has also been confirmed. Additionally the
existence of more than one pyrenoid per chlo-
roplast has been observed in this crypto-
monad (Fig. 11). Multiplication of the nucleo-
morph, however, has not been confirmed.

The pyrenoid of Type 3 is single and is sur-
rounded by conspicuous starch sheaths (Fig.
14). The shape of starch sheaths can be recog-
nized under the light microscope. Based on
the shape of the starch sheaths together with
the fact that the cell size of Type 3 is relatively
small compared to other two species, it is ap-
parent that bright-green cells are the Type 3
cryptomonad. Because bright-green cell is
Type 3 cryptomonad, it is, then, obvious that

Fig. 14. Longitudinal section through a cryptomonad cell showing
Fig. 15. Multiplied chloroplasts and pyrenoids (P). A nucleomorph (nm) can be
seen near one of the pyrenoids.
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the blue-green one is the Type 2 cryp-
tomonad. The pyrenoid matrix of Type 3 is
traversed by a single pair of thylakoids. The
nucleomorph is situated external to the pyre-
noid (Fig. 15) and the periplast, basal bodies
and ejectisomes are also absent as found in
the Type 1 and Type 2 species. A possible di-
vision stage of the chloroplast has been ob-
served in this cryptophyte (Fig. 15).

Discussion

The dinoflagellate species described here
has been identified as Amphidinium latum Le-
bour based on several similarities, such as cell
size (our specimens are slightly bigger than
the original description), cell form, position of
the nucleus and the possession of greenish
“food cells”. The typical cell form of our spe-
cies is, however, somewhat angular and is
slightly different from that of Lebour’s (1925)
illustration. It should be pointed out, how-
ever, that the cell form is variable and round-
ed cells (Fig. 4) which are similar to that of
the original description (Lebour 1925) were
often been observed. Furthermore, it is
worthwhile noting that Lebour (1925) drew a
pyrenoid-like structure in the greenish “food
cells”. Therefore, it is highly possible that
what she described as green food cells were
actually blue-green cryptophytes (not neces-
sarily the same cryptomonad as that in our
species) which had been ingested by the
dinoflagellate. In this study, we have demon-
strated that 4. latum is, in fact, phagotrophic
and feeds specifically on cryptomonad cells.

The cryptomonads in Amphidinium latum
are not true endosymbionts. Attempts to ob-
tain clonal cultures of the dinoflagellate were
unsuccessful. The cryptomonads are obvi-
ously ingested by the dinoflagellate as a
source of food, as in the case of A. poecilochro-
um (Larsen 1988). The process whereby A.
latum captures the prey seems to be essentially
the same as that of A. poecilochroum (Larsen
1988). It should be pointed out, however,
that the morphology of A. poecilochroum is
different from that of 4. latum and they obvi-
ously belong to different species. The pres-

ence of numerous bacteria surrounded by a
single membrane system suggests that A.
latum probably feeds also on bacteria as in
the case of G. acidotum (Farmer and Roberts
1990).

Accurate identification of these cryp-
tomonads even at generic level is not possible,
because certain key features for identification
of cryptomonads, such as cell shape, arrange-
ment of ejectisomes and periplast structure,
have been lost.

Recently, some blue-green gymnodinioid
dinoflagellates have been shown to possess
chloroplasts or coloured bodies that appear to
be chloroplasts of cryptophyte origin. These
include Gymnodinium acidotum Nygaard (Wil-
cox and Wedemayer 1984), Gymnodinium ae-
ruginosum Stein (Schnepf et al. 1989), Am-
phidinium wigrense Woloszynska (Wilcox and
Wedemayer 1985) and Amphidinium poecilochro-
um (Larsen 1988). The degree of reduction
of the cryptomonad cytoplasm in these
dinoflagellate cells has been thought to
represent various evolutionary steps leading
towards acquisition of chloroplasts through en-
dosymbiosis, viz. 1) the cryptophyte is ac-
quired as food and some of its organelles are
kept intact for some time (4. poecilochroum), 2)-
cryptophyte is acquired by dinoflagellate and
eventually become permanently established
endosymbiont which includes chloroplasts
and other organelles (G. acidotum and G. ae-
ruginosum, Note: these two species may be
conspecific (Popovsky and Pfiester 1990) and
3) only the chloroplasts of cryptophyte origin
are retained as permanently established chlo-
roplasts (4. wigrense).

In Gymnodinium acidotum, the cryptomonad
cytoplasm is separated from the dinoflagellate
cytoplasm by a single unit membrane and con-
tains not only a periplastidial compartment
containing chloroplasts and a nucleomorph,
but also other organelles, such as mitochon-
dria and a Golgi apparatus (Wilcox and
Wedemayer 1984). The cryptomonad
nucleus is, however, often absent (Farmer
and Roberts 1990; Fields and Rhodes 1991).
Since the cryptomonad cytoplasm is consider-
ably modified as is the chloroplast which is
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highly convoluted, the cryptomonad within
G. acidotum is believed to be a true endosym-
biont (Wilcox and Wedemayer 1984; Farmer
and Roberts 1990). This situation is com-
parable to those of thecate dinoflagellates with
a chrysophyte endosymbiont, such as Peridin-
tum balticum (Levander) Lemmermann (To-
mas and Cox 1973), P. foliaceum (Stein) Biechler
(Jeffrey and Vesk 1976) and P. quinquecorne
Abé (Horiguchi and Pienaar 1991) where the
true endosymbiont is separated from host
cytoplasm by a single unit membrane.
However, a recent study (Fields and Rhodes
1991) has demonstrated that G. acidotum has
to ingest new cryptomonad cells from time to
time since it could only be maintained in cul-
ture when Chroomonas cells were supplied.
These cryptomonad cells are maintained
within the dinoflagellate cytoplasm for some
time (at least 12 days) but then degenerate
and make it necessary for the dinoflagellate
to ingest further cryptomonad cells. The
relationship between G. acidotum and its cryp-
tomonads is, then, essentially the same as that
of A. poecilochroum (Larsen 1988). In these
species, the organelles of the cryptomonad
cytoplasm seem to remain intact for some
time and the chloroplasts probably remain
photosynthetically active. This is also the
case in 4. latum. 1In A. latum, the chloroplast
and nucleomorph undergo multiplication
and, as a result, a single cell or cytoplasmic
region could contain up to three chloroplasts
and three nucleomorphs. This modification
of the cryptomonad cytoplasm strongly sug-
gests that the cryptomonad organelles are in-
tact, at least, for some time after being in-
gested by the dinoflagellate. A similar proli-
feration of chloroplasts has been reported
for G. acidotum (Wilcox and Wedemayer 1984)
and the marine ciliate Mesodinium rubrum
(Hibberd 1977). Unlike G. acidotum, however,
all the cryptomonads in A. latum retained
their cryptophyte nucleus.

Amphidinium wigrense is different from the
above mentioned species in that its chlo-
roplasts are bounded by a triple unit mem-
brane and other cellular organelles of cryp-
tomonad origin are completely absent (Wil-

cox and Wedemayer 1985). The chloroplasts
seem to be permanently established (true chlo-
roplast) and this might be comparable to the
situation of other unusually pigmented gym-
nodinioid dinoflagellates, such as Gyrodinium
aureolum Hulburt and a green dinoflagellate,
Lepidodinium viride Watanabe et al. G. aureo-
lum contains 19-hexanoyloxyfucoxanthin
(Bj¢rnland and Tangen 1979; Tangen and
Bjgrnland 1981) instead of peridinin, while
the chloroplasts of L. wviride contain chlo-
rophylls aand b. The former species possess-
es chloroplasts of unusual ultrastructure and
has no other organelles of endosymbiotic ori-
gin (Kite and Dodge 1988), while in the latter
species, although the boundary between the
host cytoplasm and cytoplasmic region of en-
dosymbiont still exists, no organelles other
than chloroplasts are present in the cytoplas-
mic region of the endosymbiont (Watanabe et
al. 1987; Watanabe et al. 1990).

As far as blue-green dinoflagellates are con-
cerned, two types of cryptomonad-dinoflagel-
late relationship could be recognized; the one
type is like A. latum in that the dinoflagellate is
capable of retaining intact chloroplasts for
some time, but needs to capture further cryp-
tomonad cells from time to time in order to
maintain this “system”, while the other type
is like A. wigrense, where the dinoflagellate pos-
sesses permanently established chloroplasts.
The intermediate situation between these two
types, which is comparable to those of Peridini-
um balticum, P. foliaceum and P. quinquecorne,
have not been found in blue-green dinoflagel-
lates. In this connection, it should be point-
ed out that a number of unusually pigmented
dinoflagellates have been described (e.g. Con-
rad and Kufferath 1954) and most of them
have yet to be studied in detail. It would be
of great interest to survey them ultrastructur-
ally and to study them using unialgal cultures
in order to verify whether these dinoflagel-
lates contain true endosymbionts or not.
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Satoh, M., Miyamura, S. and Hori, T. 1992. Inter- and intraspecific variations of chloroplast DNA of the
siphonous green algal genus Caulerpa (Caulerpales, Chlorophyta). Jpn. J. Phycol. 40: 365-372.

Chloroplast DNA (cpDNA) from four species of the siphonous green algal genus Caulerpa, C. lentillifera,
C. okamurae, C. racemosa var. clavifera f. macrophysa, and C. brachypus were isolated and analyzed by restriction
endonucleases. The restriction patterns were extremely heterogeneous, but a distinct similarity was found
between C. lentillifera and C. okamurae. The genome sizes of cpDNA of C. lentillifera and C. okamurae were
calculated to be about 90 kb, and the genome sizes of cpDNA of C. racemosa and C. brachypus were more than
100 kb. These results were compared and discussed in relation to their morphological characters.

In addition, the cpDNAs of C. racemosa collected from two areas in Okinawa Island were compared.
The restriction patterns were almost the same, but a few changes were detected.

Key Index Words: Caulerpa—chloroplast DNA—green algae—restriction analysis —RFLP.

The siphonous green algal genus Caulerpa is
a large group including 73 species and 111 in-
fraspecific taxa (Calvert ¢t al. 1976). The clas-
sification of this genus at the species level is
mainly according to morphological charac-
teristics of the vegetative thallus and the man-
ner of sexual reproduction. However, organ-
isms of Caulerpa exhibit such a remarkably
high degree of morphological variation that
many intermediate or transitional growth
forms have been recognized (Bgrgesen 1907,
1925; Tandy 1934; Gilbert 1942; Eubank
1946; Taylor 1960; Egerod 1975). The pres-
ence of such a great number of intermedi-
ate forms makes the boundaries delimiting
species of Caulerpa uncertain (Gilbert 1942)
and causes taxonomic confusion.

Recently, it has been recognized that re-
striction fragment length polymorphism
(RFLP) of chloroplast DNA (cpDNA) is use-
ful to clarify phylogenic relationships of spe-
cies of land plants (Palmer 1985a) and algae
(Palmer 1985a; Olsen 1990). Since cpDNAs
of land plants are so conserved in their se-

'Present address: Department of Applied Physio-
logy, National Institute of Agrobiological Resources,
Kannondai 2-1-2, Tsukuba, Ibaraki, 305 Japan.

quences and gene orders, comparison of their
RFLPs is accepted to be an efficient method
to reveal their phylogenic relationships at the
level of genus and even family (Herrmann et
al. 1980). In algae, on the other hand, cp-
DNAs are very divergent compared to land
plants. For example, restriction patterns of
cpDNAs of Vaucheria (Xanthophyceae) show
very extensive fragment divergencies at the
species level (Kowallik 1989); only one com-
mon restriction fragment was detected in five
species by digestion with EcoRI. In a compara-
tive study of 18 strains of V. sessilis Linne von
Berg and Kowallik (1988) suggested the possi-
ble presence of more than two taxa among
them because they thought that the restriction
site variations among these strains corre-
sponds to differences found between different
genera in higher plants.

In this study we compared restriction pat-
terns of cpDNAs from four species of Caulerpa
in order to find some clues to resolve the taxo-
nomic confusion of this genus at the inter-
specific and/or intraspecific levels.
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Materials and Methods

Materials

Caulerpa brachypus and C. okamurae were col-
lected at Inamuragasaki in Kanagawa Prefec-
ture (the Pacific Ocean), C. lentillifera at Ito-
man in Okinawa Island, C. racemosa var.
clavifera f. macrophysa at Zanpa Cape (the
East China Sea) in Okinawa Island and at
Ikeijima island (the Pacific Ocean) in the Ryu-
kyu Islands (Fig. 1).

Isolation of chloroplast DNA (cpDNA)

Collected materials were extensively
washed in seawater to remove sediment and
microscopic epiphytes, and kept in a water
tank with aeration until isolation of cpDNAs.

About 200-300 g of materials were used for
each isolation. The following procedures
were performed at 0°C or 4°C. Materials
were cut into small pieces with a knife and
transferred into five volumes of an extraction
buffer (MS buffer) containing 50 mM Tris-
HCI, pH 7.6, 10 mM ethylenediaminetetra-
acetic acid (EDTA), 0.3 M sucrose, 0.3 M
NaCl, 10mM 2-mercaptoethanol, 1.4 mM
phenylmethylsulfonylfluoride (PMSF), 1.2
mM spermidine. This buffer was based on
TAN buffer (Nemoto et al. 1988), modified
to strengthen buffer action and with added
NaCl to lower the stickiness of cell lysate
according to Grant and Wright (1980). The
suspension was filtered through a nylon stock-
ing and pieces of the materials were squeezed
in it. The filtrate suspension was filtered
through a layer of nylon membrane (100 #m
in pore size). The filtrate suspension was cen-
trifuged at 4,500 X g for 15 min. The pellet
was resuspended with about 180 m! of MS
buffer and 20 m!/ of 100% Percoll (Pharmacia)
was added to the suspension. After stirring
for 30 min, the suspension was centrifuged at
900 X g for 15 min, and the pellet was suspend-
ed and centrifuged in the same way. Then
the pellet was suspended with MS buffer
without PMSF, and final centrifugation was
done at 900 X g for 15 min. The pellet was
suspended with about 20 m/ of HTE buffer
containing 50 mM Tris-HCI, pH 8.0, 20 mM

Japan

The Japan
Sea

The East \
China Sea
3 Inamuragasaki
(a\ The Pacific
\ Ocean
The East [>~}
Zanpa Cape /
fo ) ;
.9 o—lkeijima Island
18 / .
I £ The Pacific
* / 05 Ocean
Itoman —, \ / $

Okinawa Island

Fig. 1. Caulerpa collection sites and the sea
water currents (see text).

EDTA, and lysed by addition of 20 mg of Pro-
teinase K (Sigma) and 2% N-Lauroylsalco-
sine (Sigma), and kept overnight.

Nucleic acids were extracted from the ly-
sate by sequential addition of an equal
volume of phenol, phenol: chloroform :
isoamyl alcohol (25 : 24 : 1) and then extract-
ed with chloroform : isoamyl alcohol (24 : 1).
All organic extractions were performed gently
for 10 min at room temperature. The aque-
ous and organic phases were separated by cen-
trifugation at 1,000 rpm for 5 min. The final
aqueous phase was dialyzed against TE buffer
(10 mM Tris-HC], 1 mM EDTA, pH 8.0) at
4°C. -Cesium chloride and Hoechst 33258
dye were added to the solution (1.08 g and
0.3 mg for 1 m! of the solution, respectively),
and centrifuged at 38,000 rpm for 45h in a
SW41 rotor (Beckman) at 20°C. A band of
cpDNA which was formed at a higher (less
dense) position than other DNAs in the tube
was collected by side-puncture using a 21-
gauge needle, extracted five times with
isopropanol (equilibrated with a saturated
NaCl solution) to remove Hoechst dye and
then dialyzed against TE buffer at 4°C. Af-
ter addition of 2.5 volumes of ethanol it was
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Fig. 2.
brachypus.
Bars are 1 cm.

kept at —80°C for 30 min, the cpDNA was
collected by centrifugation at 12,000 X g for
15min. The cpDNA was washed with 70%
ethanol and collected by the same centrifuga-
tion step, dried, and dissolved in TE buffer,
and kept at 4°C.

Restriction endonuclease analysis

Restriction endonucleases were purchased
from Takara Shuzo Co. Ltd. and Toyobo Co.
Ltd., and used according to the manufac-
turer’s specifications. DNA of 1 phage
(Takara Shuzo Co. Ltd.) and 2 DNA/HindIII
digest-¢X174/Hincll digest (Toyobo Co.
Ltd.) were used as molecular standards.
DNA fragments were resolved at 20V on
0.9% and/or 1.0% Agarose 1600 (Wako)
horizontal gels (13X13 cm) in 0.8 X TEA

Photographs of (a) C. lentillifera, (b) C. okamurae, (c) C. racemosa var. clavifera f. macrophysa, and (d) C.
Insets of a and b show constrictions at the base of ramulus (indicated by arrow heads) of both algae.

buffer (40 mM Tris-HC1, 32 mM sodium-
acetate, 1.6 mM EDTA, pH 8.3) for 14h.
The gels were stained with ethidium bromide
and photographs were taken with Minicopy
films (Fuji) under UV illumination.

Results and Discussion

Comparison of the restriction paiterns of cpDNAs
among four Caulerpa species: We obtained chlo-
roplast DNAs (cpDNAs) by centrifugation in
the presence of cesium chloride and Hoechst
33258 after extraction of nucleic acids with
phenol : chloroform from a crude chloroplast
fraction. In the centrifuged tube bands ap-
peared which may correspond to cpDNA,
nuclear DNA, mitochondrial DNA (mtDNA)
and bacterial DNA (data not shown). We
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Restriction patterns of HindIII (a)- and EcoRI (c)-digested cpDNAs from four species of Caulerpa

separated on 0.9% agarose. Lanes are 1) DNA marker containing HindIII-digested 2 DNA and HincII-digested
¢X174; 2) C. lentillifera; 3) C. okamurae; 4) C. racemosa var. clavifera f. macrophysa collected at Zanpa Cape; 5) C.
brachypus. (b), (d) Illustrations of the restriction patterns of (a) and (c), respectively. Fragments which are much
abundant than normal stoichiometory are shown by bold lines.

regarded the uppermost band as cpDNA be-
cause of its abundance and the low GC con-
tent of cpDNA. Although the contamination
of nuclei and mitochondria which were in-
volved with chloroplasts by sticky material
(mucilage material) remained in the crude
(chloroplast) fraction, the number of nuclei
and mitochondria, and the amount of their
DNAs was estimated to be much less than
those of chloroplasts by examination of the
crude fraction with fluorescence microscopy
after staining with 4'6-diamidino-2-phenyl-
indole (DAPI) (data not shown). Second, as

Table 1.

it is known that GC contents of cpDNA of
green algae are lower than those of mtDNA
(Rochaix 1978; Hedberg e al. 1981; Tymms
et al. 1985) like land plants (Kolodner and
Tewari 1975), cpDNA forms a band in a tube
at the higher position than mtDNA after cen-
trifugation in the presence of cesium chloride
and Hoechst 33258.

Figure 3 shows the restriction patterns of
cpDNAs from four Caulerpa species digested
with HindIII and EcoRI. The restriction pat-
terns were very heterogeneous among the
four species, and there were no bands com-

Similarities of cpDNAs of four Caulerpa.

HindIII
EcoRI

C. lentillifera C. okamurae

C. brachypus

C. racemosa var. clavifera
f. macrophysa

C. lentillifera
C. okamurae
C. brachypus

C. racemosa var. clavifera
f. macrophysa

10

4
3

4
3
4

Numbers of restriction fragments which are identical in sizes are listed when cpDNAs were digested with HindIII
(upper right half of the table) and with EcoRI (lower left half of the table).
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mon to all the four species. Table 1 shows a
list of the number of common fragments
among the four species in either digestion
with EcoRI and HindIII. When common
fragments in both digestions were summed
up, C. lentillifera shared 16 common fragments
with C. okamurae, 11 with C. brachypus, and 6
with C. racemosa. C. okamurae shared 16 com-
mon fragments with C. lentillifera, 10 with C.
brachypus, and 7 with C. racemosa. Thus, C.
lentillifera and C. okamurae shared much more
fragments than other two species, and both
species shared least common fragments with
C. racemosa. C. brachypus shared 11, 10 and 8
common fragments with C. lentillifera, C.
okamurae and C. racemosa, respectively, so
that C. brachypus had moderate relationships
equally with other three species. C. racemosa
shared most common fragments with C.
brachypus (8) than with C. lentillifera (6) and
C. okamurae (7). However, C. brachypus had
less common fragments with C. racemosa than
with other species. Therefore, C. racemosa ap-
pears to share least relationships with any of
the other three species.

Genome sizes of the cpDNAs which were
calculated from restriction patterns also indi-
cated closer relationships between C. lentil-
lifera and C. okamurae than with the other two
species because the genome sizes of the two
species were about 90 kb and other two spe-
cies were more than 100 kb (Table 2).

Besides the characteristics of cpDNA, C. len-
tillifera and C. okamurae also have many mor-
phological characteristics in common; (1)
they have a constriction at the base of each
ramulus (Fig. 2a, b insets), while C. racemosa
and C. brachypus have no such constrictions
(Fig. 2c, d); (2) they have chloroplasts with
pyrenoid (Hori and Ueda 1967; Calvert et al.
1976) in which the cpDNAs are specifically
localized (Miyamura and Hori 1991), but the

chloroplasts of latter two species lack pyre-
noids (Calvert et al. 1976); (3) the sizes of
their chloroplasts are larger (9-11 #m) than
those in the latter (3-5 ym) (Calvert et al.
1976). From these features of chloroplast
fine structure, Calvert et al. (1976) proposed
the evolutionary scheme from the micro-
physa-type chloroplasts bearing pyrenoids (C.
lentillifera and C. okamurae) to the prolifera-type
chloroplasts lacking pyrenoids (C. racemosa
and C. brachypus). The evolutionary trend
correlates with an increase of genome sizes
from the smaller group (C. lentillifera and
C. okamurae) to the larger group (C. racemosa
and C. brachypus).

From these molecular and morphological
aspects we concluded C. lentillifera and C.
okamurae are phylogenetically closest among
the four species, and C. racemosa is furthest
from the other three species. Thus, C. brachy-
pus appears to be situated in their intermedi-
ate position. However, more analyses are
required to clarify the precise phylogenic
relationships of the four Caulerpa. Because of
the extreme heterogeneity of restriction pat-
terns, analyses of nucleotide sequencing may
be more suitable to this aim.

An extreme diversity of restriction patterns
of cpDNAs at the species level is also known
in the xanthophyte genus Vaucheria (Kowallik
1989). The diversity of caulerpalean cp-
DNAs is much more extensive than that of
another siphonous green algal genus Bryopsis,
in which only a few restriction fragments
differ among three species in the genus (Mis-
onou ¢t al. 1989).

The genome sizes of these four cauler-
palean cpDNAs were smaller than those of
land plants (120-160 kb) (Palmer 1985b).
The genome sizes of cpDNAs of C. lentillifera
and C. okamurae were similar to that of Codium
Jfragile (89 kb) (Hedberg et al. 1981; Manhart

Table 2. Sizes in kb of cpDNAs from four species of Caulerpa.
- C. . clavifera f. k
Enzymes C. lentillifera C. okamurae racemasa var. < zvﬁ':a e ophysa C. brachypus
HindIII 91.9 84.1 105.0 92.3
EcoRI 90.5 93.3 120.4 128.9
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Restriction patterns of two cpDNAs of C. racemosa var. clavifera f. macrophysa collected at different

places. The cpDNAs were isolated from the algae collected at Zanpa Cape (lane 2, 4, 6) and at Ikeijima Island
(lane 3, 5, 7), and separated on an 1.0% agarose gel after digestion with HindIII (lane 2, 3), EcoR1I (lane 4, 5), and
EcoRV (lane 6, 7). Lane 1 is the DNA markers containing HindIII-digested 2 DNA and HinclI-digested ¢X174.
Fragments which migrated at different positions in the two cpDNAs are indicated by lines.

et al. 1989) which lacks an inverted repeat
region on the genome. There is a possibility
that cpDNAs of Caulerpa also lack an inverted
repeat region.

Comparison of restriction patterns of two strains of
C. racemosa var. clavifera f. macrophysa:
We compared restriction patterns of two
strains of C. racemosa var. clavifera f. macrophysa
from different habitats along Okinawa Island
(Fig. 1) and examined whether intraspecific
variations are found in the cpDNA. Figure 4
shows the restriction patterns of the cpDNAs
of the two strains digested by HindIII, EcoRI
and EcoRV. The two cpDNAs had almost
the same fragments, but there are a few frag-
ments which shift in the position of two
(EcoRV) or three (HindIII, EcoRI) restriction
sites (indicated by lines). Since changes of
the lengths of these fragments appeared to be

canceled in each digestion, the changes may
be caused by point mutations, rather than by
insertions and/or deletions. The localities
where the materials were collected are Zanpa
Cape facing the East China Sea and Ikeijima
Island facing the Pacific Ocean, respectively
(Fig. 1). Judging from geographical separa-
tion of the collection sites and the parallel
direction of the Kuroshio current along the is-
lands (Watts 1969) genetical interchanges
may be rare between both strains, so that the
changes of the cpDNA sequence may have
been fixed.

In this report, we described that the
cpDNAs of four Caulerpa species vary remarka-
bly, but the variations existing in a taxon (C.
racemosa var. clavifera f. macrophysa) are limit-
ed. These results suggest that the analysis of
cpDNA variation will be useful in clarifying
the systematics and evolutionary relationships
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within the genus Caulerpa.

The reason for the remarkable divergency
of cpDNAs of Caulerpa remains to be resolved,;
whether it is due to differentiation of these spe-
cies at very early times or rapid molecular evo-
lution of the cpDNAs.
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Photorespiration and CO; fixation in the red alga Porphyra yezoensis Ueda
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Gao, K., Aruga, Y., Asada, K., Ishihara, T., Akano, T. and Kiyohara, M. 1992. Photorespiration and
CO, fixation in the red alga Porphyra yezoensis Ueda. Jpn. J. Phycol. 40: 373-377.

Gas exchange in photosynthesis of the red alga Porphyra yezoensis was investigated to understand its
growth enhancement in high CO, concentration. It was found that oxygen (**0,) uptake by the alga
increased linearly with increased photosynthetically active radiation, being about 40% of photosynthetic
oxygen evolution at 250 gmol photons m~!s~!. A substantive evidence for active HCO;~ transport by the
alga was obtained in that CO, uptake rate was extremely slow compared to the photosynthetic oxygen
evolution rate. In the culture of the alga using aeration, dissolved inorganic carbon (DIC) concentration
decreased while pH increased from the beginning of light period and increased while pH decreased from the
start of dark period. This is because photosynthetic CO, fixation proceeded faster than the dissolution of
CO, and thus DIC was reduced due to photosynthetic HCO;~ utilization in the light, and in the dark the
cease of photosynthesis and continuation of aeration increased DIC and lowered pH. Addition of CO,
(air+ 1250 ppm CQO,) in the culture of the alga was confirmed to raise DIC concentration. It was suggested
that addition of CO, could suppress the photorespiration of P. yezoensis by elevating CO,/O, ratio in the
culture medium and then at the active site of Rubisco, the oxygenation of which could be subsequently
reduced.

Key Index Words: CO,—Mehler reaction—mitochondrial respiration— O,—photosynthesis—Porphyra

yezoensis—red alga—Rubisco.

The authors reported in the previous paper
(Gao et al. 1991) that the growth of Porphyra
yezoensis Ueda was enhanced in the culture
using aeration with high CO,. It is of gener-
al concern to understand how high CO,
affects the efficiency of photosynthetic carbon
fixation of the alga. O, consumption during
photosynthetic O, evolution reflects pho-
torespiration, which is primarily determined
by the competition between CO; and O, for
the active site of ribulose-1,5-bisphosphate
(RuBP) carboxylase/oxygenase (Rubisco). If
photorespiration is considerably active in the
alga, high CO, supply can be expected to sup-
press the photorespiration by raising the ratio
of CO, to O, within the cell and increase the

* Present address: Hawaii Natural Energy Institute,
2540 Dole Street, Holmes 246, Honolulu, HI 96822,
U.S.A.

photosynthetic efficiency.

In this paper, the authors present basic
knowledge on the O, uptake and “CO,” trans-
port of P. yezoensis while illuminated and dis-
cuss its relevance to the biological response of
the alga to high CO, in culture.

Material and Methods

Cultures of leafy thalli of Porphyra yezoensis
(ZW-22, ZGRW) were initiated from concho-
spores released from free-living conchocelis as
previously reported (Gao et al. 1991). Thalli
of 2-3 cm long (about 40 days after concho-
spore attachment) cultured using aeration
(350 ppm COy) were used for the O, uptake
experiments. The culture medium was pre-
pared and CO, was supplied as in the previ-
ous paper (Gao et al. 1991).
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The evolution of 60O, and uptake of 80,
during photosynthesis were determined simul-
taneously at 10 second intervals by using a
gas-permeable membrane-mass spectrometer
system. A silicon membrane (125 #m thick)
probe was inserted into a cylindrical reaction
vessel (35m/, 3 cm in diameter) to separate
the medium, filtered (Whatman, GF/C) sea-
water, from the high-vacuum inlet to a quad-
rupole mass spectrometer (Ametek M200).
The seawater was bubbled with N, for 30
minutes to expel 80, before dissolving 80,
into it. Since the O, uptake reaction does not
discriminate between the isotopes, correction
was made for the amount of O, consumed
according to Radmer and Ollinger (1980).

The reaction vessel was equipped with a
water jacket and the temperature within it
was controlled at 15°C.

The dissolved inorganic carbon (DIC) in
the culture medium was measured by using a
Shimadzu total organic analysis unit (TOC-
5000).

Results

When the light was turned on, !0, in-
creased and CO, decreased due to photosyn-
thesis, whereas 80, decreased due to oxygen
uptake reactions; when the light was turned
off, oxygen (%O, and '8Q0,) decreased and
CO, increased due to mitochondrial respira-
tion (Fig. 1). It is easy to see from the slope
of 180, decrease that O, uptake by the alga
was faster in the light than in the dark (Table
1), in the former being about twice as fast as
in the latter. O, uptake was 41 and 46% of

Table 1.

A off
Light on '

- 5 uin

Fig. 1.
and CO, uptake (B) in photosynthesis of Porphyra
yezoensis (ZW-22).

Oxygen uptake and evolution (A),

O, evolution at the first and second illumina-
tion, respectively (Table 1).

The apparent CO, uptake rate derived
from CO, decrease (Fig. 1B) was extraor-
dinarily slow compared with the rate of pho-
tosynthetic O, evolution (Table 1). To esti-
mate the real CO, uptake rate, the CO, sup-
ply rate from the dehydration of HCO;~ was
integrated with the apparent CO, uptake
rate. Nevertheless, the rate of photosynthetic
O, evolution exceeded about 13-fold the esti-
mated real CO, uptake rate (Table 1). This
shows a substantive evidence for HCO; ™ up-
take in P. yezoensis. The rate of Oy uptake in
the dark exceeded the apparent rate of CO,

Gas exchange rate (#mol min~! dm~2) during photosynthesis in Porphyra yezoensis, the ratio of O,

evolution to CO, uptake (b/c) in the light and the ratio of CO, to O, (CO,/O,) in the reaction vessel when light

(PAR, 250 #mol photons m~2s~!) was turned on.

O,upt.* O,evol.*  Ratio

CO, upt.

. ‘ s Ratio *

Light (@) (b) a/b CO, ‘upt. © blc CO, rel. CO,/0,
on 2.15 5.25 0.41 0.22 (0.19)** 0.41 12.80 0.09
off 1.10 0.04
on 1.95 4.23 0.46 0.13 (0.19)** 0.32 13.22 0.06
off 0.97 0.03

*

upt. is for uptake, ‘upt.’ for apparent uptake, evol. for evolution, rel. for release.

** Values in parentheses are CO, supply rate (#mol CO, min~!) from dehydration of HCO,~ at 15°C (Cook et al.

1986) within the reaction vessel.
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Porphyrs yezoensls
(]

4 "® ZGRW

Oxygen evolution

gumol O2dm?*min-"

Oxygen uptake

1o,

0 100 200 300
PAR
(umol photons m2s~")

Fig. 2. Oxygen uptake and evolution in Por-
phyra yezoensis as a function of photosynthetically
active radiation (PAR).

release 28- to 32-fold, which might be due to
hydration of CO, to form HCO;™~ inside the
algal cell (Table 1).

The oxygen uptake increased linearly and
the oxygen evolution increased parabolically
with the increase of PAR (photosynthetically
active radiation, 400-700 nm) (Fig. 2). O,
uptake of P. yezoensis while illuminated was
similarly observed in the strains, ZW-22 and
ZGRW.

Figure 3 shows daily variations of DIC and
pH in the culture of P. yezoensis aerated with
air (control) and air+ 1250 ppm CO,. DIC
decreased in the light period and increased in
the dark period to reach a constant level.
The pH variation shows an opposite pattern
to DIC. DIC was elevated and pH was lo-
wered in +1250 ppm CO, culture compared
with the control.

Discussion

In the present study, basic knowledge was
obtained on the gas exchange during the pho-
tosynthesis of P. yezoensis. O, uptake was
enhanced in the light and increased with

e 350 ppa CO:

9r 0 1600 ppa CO.
8 I

7E Dark Light Dark

PH

s
€
[&]
- ® 350 ppm CO2
a © 1800 ppe CO-
1
0 6 12 18 24 30 36
Time (h)
Fig. 3. Daily variation of pH and DIC

(dissolved inorganic carbon) in culture of Porphyra
yezoensis (ZGRW) using aeration (0.5 {min~!) with
air (350 ppm CO,) and air+ 1250 (1600) ppm CO,.
About 1.25 g (fresh weight) of thalli (38 days after
concospore attachment, about 3 cm long) were main-
tained in 500 m! culture medium in a culture flask.

increase of PAR. Oxygen uptake in the light
stems from the following three reactions: 1)
mitochondrial respiration, 2) Mehler reaction
and 3) RuBP (ribulose-1,5-bisphosphate) oxyg-
enation. Mitochondrial respiration is in-
dependent of light, but Mehler reaction and
RuBP oxygenation are light-dependant.
The enhanced O, uptake of P. yezoensts in the
light is due to reactions 2) and 3). The
proportion of O, uptake to evolution was
higher at low PAR than at high PAR (Fig. 2),
which implies that increment in O, uptake
with increasing PAR is slower than that in
photosynthetic O, evolution. This must be
due to much more active RuBP oxygenation
at dim light when photosynthesis was much
more light-limited. RuBP oxygenation is an
inescapable consequence of CO, fixation dur-
ing photosynthesis (Beardall 1989). Because
Rubisco catalyses both carboxylation of CO,
and RuBP oxygenation, O, concentration
affects RuBP oxygenation. In the present in-
vestigation, O, increased and CO; decreased
with proceeding of photosynthesis in the
closed reaction vessel (Fig. 1, Table 1), there-
fore, the ratio of CO,/O; at the active site of
Rubisco might be lowered to get close to that
outside the algal cell (Table 1), resulting in an
enhanced oxygen uptake in the second illumi-
nation.
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As previously reported (Gao et al. 1991),
the pH rise in the culture of P. yezoensis (Fig.
3) is due to photosynthetic use of HCO;~.
The high ratio of photosynthetic O, evolution
to CO, uptake (Table 1) provides a substan-
tive evidence for active HCO;~ uptake.
Comparing the rate of photosynthetic O, evo-
lution with the rate of CO, supply arising
from non-catalyzed dehydration of HCO;™,
Cook et al. (1986) demonstrated the HCO3;~
uptake in 15 species of red algae and 2 species
of brown algae which were proved not having
extracellular carbonic anhydrase (CA). The
rate of photosynthetic O, evolution in Por-
phyra occidentalis was reported to exceed 15.9-
fold the CO, supply rate (Cook et al. 1986).
In the present study, the rate of photosynthe-
tic Oy evolution exceeded about 13-fold the
rate of CO, uptake in P. yezoensis, which prob-
ably does not possess extracellular CA. In
the dark, on the other hand, the rate of O, up-
take was about 30 times higher than the rate
of CO; release (Table 1). This shows that
CO; arising from mitochondrial respiration
could be hydrated with the catalysis of in-
tracellular CA to form HCO;~, supplement-
ing the intracellular pool of inorganic carbon
which had been depleted in the light, so that
only a small amount of CO; was released into
the medium (Table 1).

In the culture of Porphyra yezoensis aerated
with air and air +1250 ppm CO,, constant
levels of pH and DIC in the middle of light
period (Fig. 3) indicate the balance between
the photosynthetic carbon fixation and dissolu-
tion of CO, from air into the culture medi-
um. DIC level was reduced at about 1.5 mM
in the middle of the light period even in the
COqy-enriched culture, where the photosynthe-
sis of the alga must have been carbon-limited
and photorespiration could be still active.
However, since O, concentration in the cul-
ture medium should be constant because of
the continuous aeration, the ratio of CO, to
O, must be raised in the culture medium with
addition of CO; and consequently at the ac-
tive site of Rubisco, therefore the active pho-
torespiration could be suppressed. The K
(CO,) of Rubisco from marine macroalgae is

reported to be in a 30-60 M range (Kerby
and Raven 1985), which is much higher than
the concentration of free CO, in seawater
(about 14 M at 15°C, pH 8.2). When P.
yezoensis is cultured using aeration with high
CO,, increased partial pressure of CO, serves
to saturate Rubisco-catalyzed carboxylation.
Consequently, the enhanced growth of P.
yezoensis in high CO, as reported previously
(Gao et al. 1991) could be due to suppression
of photorespiration and acceleration of carbox-
ylation, which result in enhanced photosyn-
thetic efficiency.

The proportion of algal biomass to water
volume in the culture (Fig. 3) was 2.5 kg m 3.
Growth of the alga was shown to be enhanced
in air+650 and + 1250 CO, cultures with the
proportion of biomass to water volume being
less than 0.5 kg m~3 (Gao et al. 1991). It is
suggested that growth of the alga in cultiva-
tion site might be CO,-limited when seawater
exchange is slow between the inside and the
outside of the algal population. Since in-
crease in seawater current speed increases the
photosynthesis of P. yezoensis (Gao et al. 1992),
fast seawater flow through the algal popula-
tion can be expected to lessen photorespira-
tion and give rise to less CO,-limited growth
by taking away photosynthesis-evolved O,
and resupplying ‘COy’.
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Yoshida, T. and Mikami, H. 1992. Branchioglossum spiniferum sp. nov. (Delesseriaceae, Rhodophyta) from

north Kyushu, Japan. Jpn. J. Phycol. 40: 379-384.

Branchioglossum spiniferum sp. nov. (Delesseriaceae, Rhodophyta) was described based on the materials

collected from Moji, Kita-Kyushu City, Fukuoka Pref., Japan.

Its distinctive characteristics include a

richly branched narrow thallus with short serrulation on the margin at the lower part, and not all cells of

second-order cell rows bearing third-order rows.

Key Index Words: Branchioglossum  spiniferum— Delesseriaceae—Morphology— Rhodophyta— Tax-

onomy.

The genus Branchioglossum was defined by
Kylin (1924) with B. wood:i (J. Agardh) Kylin
as the type species. Among the genera of
Hypoglossum-group, Branchioglossum is distin-
guished by its monostromatic blades that
branch from the margin. Two species of Bran-
chioglossum were reported from Japanese
coasts: B. ciliatum Okamura and B. nanum
Inagaki. The morphology of B. nanum was
described by Mikami (1973). Characteristic
features of B. ciliatum will be treated in a
paper by Mikami (1992). Recently the
materials from north Kyushu, which cleary
belong to the genus Branchioglossum, was
provided to us. Careful examination re-
vealed that they represent a new species
described below.

Materials and Methods

Mature individuals growing on rocks of 2-
3 m deep were collected by H. Yoshida, Ma-
rine Biological Research Institute of Japan
Ltd, at Moji, Kita-Kyushu City, Fukuoka
Prefecture in March, 1989. Material was
preserved in 10% formalin sea water. For
microscopic observation, small pieces of the
thallus were mounted in glycerine on a glass

slide after being stained with 1% aqueous ani-
line blue. Sections were made by hand with
a razor blade. Additional material deposited
in the herbarium of the Faculty of Science,
Hokkaido University (SAP) was also ex-
amined. Voucher specimens are housed in
SAP.

Observations

Branchioglossum spiniferum Yoshida et Mikami,
sp. nov. (Fig. 1-17)

Japanese name: Toge-murasaki (nov.).
Description:  Plantae anguste taeniatae,
usque ad 10 cm longae atque 600 ym latae,
rami e margine laminae parentis typice ex-
orientes, margine serrulatis in parte infe-
riores; laminae monostromaticae, linea media
excepta; non omni cellula ordinum cellularum
secondariorum ordines cellularum tertiarum
efficiente; procarpi secundum costam procreati;
cystocarpia solitaria; plantae masculinae
ignotae; sori tetrasporangiales lineares, symmet-
rica circum costam.

Plant narrow, ribbon-like, circa 600 #m
wide, up to 10 cm high, richly alternately
branched from the margin (Fig. 1); short ser-
rulation on the margin in the lower part of the
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Fig. 1.
City, Fukuoka Pref.

thallus; not all cells of second-order cell rows
bear third-order rows; blades monostromatic
except midrib region; procarp formed on the
midrib; cystocarps few in number, usually
near branching, the cystocarp diameter near-
ly the same as the width of the blade; male
plant not known; tetrasporangial sori linear
in shape, disposed symmetrically along the
midrib.
Holotypus: Tetrasporic. Moji, Kita-Kyushu
City, North Kyushu, Japan. 33°56'N, 130°
57'E. March 20, 1989. Leg. H. Yoshida. SAP
053651 (Fig. 1). Isotypiin TNS, UC, MICH.
Additional specimen examined: Dairen, Chi-
na. March 16, 1935. Leg. M. Noda. SAP
053652.

Plants from Moji (Fig. 1) are 3-4 cm high,
possessing narrow fronds arising from a small

Branchioglossum spiniferum Y oshida et Mikami, sp. nov. Holotype, SAP 053651, Moji, Kita-Kyushu

basal disc, compressed at the lower part, and
flattend at the upper part, ribbon-like, fre-
quently alternately branched from the margin
in one plane. Branches 0.3-0.6 mm wide,
with midrib, terminating into acute apices.
The plants grew on rocks about 2-3 m deep.
A specimen from Dairen, China attains
10 cm high.

Blades are monostromatic except the region
of midrib which shows 3 layers of cells (Fig. 4,
6). In the lower part of the thallus, cortical
cells cut off smaller cells (Fig. 7). Branches
originate from the terminal cells of the sec-
ond-order cell rows. No lateral veins are ob-
served in the alae. Margins of the blades are
provided with short serrulation in the middle
and lower portion of the thallus.

Growth of the thallus takes place by the
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Figs. 2-7.

Branchioglossum spiniferum Yoshida et Mikami. 2-4. Blade apex showing apical segmentation. 1,

apical cell of first-order cell row; 2, initial of second-order cell row; 3, initial of tertiary row; 4, initial of forth row;
co, cortical cell; i, intercalary cell; lp, lateral pericentral cell; pc, primary cell. 5. Marginal serrulation (cortical

cells not shown). 6. Cross section of frond.

activity of a transversely dividing apical cell,
which gives rise to a first-order cell row (Fig.
2). No intercalary cell division is observed
in the first-order cell row. Initials of second-
order cell rows reach thallus margin; inter-

7. Division of cortical cells.

calary cell divisions occur rarely in the second-
ary cell rows (Fig. 2, 3). Accordingly, not all
cells of the secondary cell rows give rise to
third-order cell rows. Almost all initials of
the third-order cell rows attain the margin,
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Figs. 8-14.  Branchioglossum spiniferum Yoshida et Mikami. 8-9. Development of procarp. cbi, initial cell of
carpogonial branch; cb,_s, first, second and third cells of carpogonial branch; cbme, mother cell of carpogonial
branch; cp, carpogonium; pc, pericentral cell; sc, supporting cell; st;, first group of sterile cell; st;mc, stymc,
mother cells of first and second groups of sterile cells; tr, trichogyne. 10. Surface view of young cystocarp. po,
ostiole; st, sterile cell. 11. Fusion cell (fu) and gonimoblast (gon). 12. Young gonimoblast. 13. Mature car-
posporaniga (ca). 14. Blade with cystocarp (cy).

but just below the branching, some initials of = margin originating from marginal cells in the

the third-order cell rows do not reach the mar- ~ middle to lower parts of the thallus giving the
gin (Fig. 3). Branching is initiated by the ac-  serrulate appearance (Fig. 5).
tivity of certain initials of second order cell A few procarps are formed acropetally in

rows. Spinal processes are formed from the  the midrib of distal part of branches (Fig. 8).
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Figs. 15-17. Branchioglossum spiniferum Yoshida et Mikami. 15. Blade with tetrasporangial sorus (ts). 16.

Tetrasporangial development.
tetrasporangium.

They are composed of a 4-celled carpogonial
branch and two groups of sterile cells (Fig.
9). Cystocarps develop at the branching of
the thallus, occupying nearly the width of the
branch (Fig. 14). Filamentous tissue is
formed from inner cells of the pericarp. A fu-
sion cell develops and gives rise to gonimo-
blast filaments with 3-4 elongated segments
(Fig. 11) that bear carposporangia in chains
(Fig. 12, 13). Male plants were not collect-
ed.

Tetrasporangial sori occupy symmetrical
positions along the midrib of the distal part of
the branch (Fig. 15, 17). Tetrasporangia are
arranged in one layer in the tissue. Primor-
dia of tetrasporangia arise from the primary
cells of second order cell rows including later-
al pericentral cells and third order cells, and
not from the cortical cells (Fig. 16). Mature
tetrasporangia often divide cruciately, some-
times tetrahedrally, measuring 70-80 ym in
diameter.

Discussion

This species can be clearly distinguished
from all other species described in the genus

Ip, lateral pericentral cell; p, tetrasporangial primordia; pc, primary cell; t,
17. Diagrammatic arrangement of tetrasporangia.

by its narrow ribbon like thallus monopodi-
ally branching up to fourth order, and its
minute denticulation on the margins at the
lower parts of a thallus.

In the genus Branchioglossum, B. pseudopros-
tratum Ballantine et Wynne (1987) and B.
crispatulum  (Harvey) Kylin (1924) were
reported to share a characteristic feature in
that not all cells of a second-order cell row
bear third-order cell rows, which was first
recognized in the closely related genus
Hypoglossum by Womersley and Shepley
(1982). B. spiniferum is the third species with
this feature.

Branchioglossum  spiniferum  superficially
resembles Tsengiella spinulosa Zhang et Xia
(1987) from the Chinese coast in size and
habit, and in having spinous processes on the
margin, but Tsengiella has a polystromatic
blade.
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Yoshidaphycus gen. nov., based on Branchioglossum ciliatum Okamura

(Delesseriaceae, Rhodophyta)
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Yoshidaphycus gen. nov., based on Branchioglossum ciliatum Okamura (Delesseriaceae,

The new genus Yoshidaphycus is described based on observations of Branchioglossum ciliatum Okamura,
using recently collected materials from the Seto Inland Sea. This new genus in the Hypoglossum group of
the Delesseriaceae is characterized by several modes of branching. The most common mode of branching
gives the false impression of arising from the blade margin, but in reality these branches have an endo-
genous origin, arising from an axial cell, growing outward within the parent blade, and finally exiting at the
margin of the parent blade. Less frequent modes of branching are the more ordinary marginal branching,
in which apical cells of second-order rows are transformed into primary apical cells, as well as the adventi-
tious origin of a branch from any marginal cell. Other characteristics that distinguish this new genus are
the reproductive structures restricted to the special proliferating branchlets arising from the blade
margin, and the production of terminal carposporangia.

Key Index Words: Branchioglossum ciliatum—Delesseriacecae—Hypoglossum group—Morphology—

Taxonomy—Yoshidaphycus ciliatus.

Branchioglossum ciliatum was described by
Okamura (1931) based on a few tetrasporic
specimens from the Seto Inland Sea [‘Iyo’,
Ehime Pref.] and the west coast of Kyushu
[Nagasaki Pref.], Japan. Since then, this
alga was rarely encountered, and morphologi-
cal details were unknown except for the origi-
nal description given by Okamura (1931).
Recent collections from several localities of
the Seto Inland Sea near the type locality
provided an opportunity to examine its mor-
phology in detail. The results obtained led
me to establish a new genus because of the
unique combination of vegetative and repro-
ductive characteristics.

Materials and Methods

Collections were made by SCUBA diving
at several localities in the Seto Inland Sea,
Japan, during the course of a marine flora
survey undertaken by the members of Kobe
University and Hokkaido University. Mate-
rials were preserved in 5% formalin sea-

water. Pieces of a thallus were mounted in
glycerin on glass slides after being stained
with 1% aniline blue. Sections were made
by hand using a razor blade. Voucher speci-
mens were deposited in the herbarium of the
Faculty of Science, Hokkaido University
(SAP).

Observations

Gross morphology: The thallus (Fig. 1, 2)
is ribbon-like, thin and membranaceous, up
to 22 cm high and 10-15 mm wide, 2-3 times
alternately branched from the margin. Sever-
al shoots originate from a small discoid hold-
fast, with a very short stem abruptly expand-
ed into the main blade. Additional attaching
discs are produced from the blade margin in
the lower part of the thallus (Fig. 8). Uniseri-
ate rhizoidal filaments are issued from the
blade (Fig. 5). The midrib is inconspicuo-
us. Blades are monostromatic except the
midrib, which become polystromatic after the
production of cortical cells (Fig. 6, 7). At
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Fig. 1. Lectotype of Branchioglossum ciliatum Okamura.
Leg. I. Morimoto. SAP herb. Okamura.
Fig. 2.

same as in Fig. 1.

maturity, many small filamentous branchlets
are issued from the margin. Reproductive
structures are formed on these filamentous
branches.

Growth of the blade
is initiated by a transversely dividing apical
cell, which produces cells of the first-order cell
row (Fig. 3). No intercalary cell division
occurs in the first-order cell row. Apical cells
of second- and third-order cell rows reach the
blade margin. Several cells of the second-
order cell rows do not give rise to the third-
order cell rows because an intercalary cell divi-

Apical organization:

sion sometimes occurs in the second-order
cell rows (Fig. 3, 14). In fully grown parts,
fourth-order cell rows are often produced
(Fig. 14).

Branching mode: There are three modes
of branching of the blade. The most com-
mon mode is endogenous branching from the
cells of the first-order cell row. The initial of
a branch is cut off from an axial cell distally
from the lateral pericentral cells and extends

Setozaki-mura, Ehime Prefecture, Aug. 23, 1916.

A specimen from Obashima Isl., Ehime Pref., leg. S. Enomoto, Oct. 10, 1990, SAP 056669. Scale

in the blade along the second-order cell row.
The cells in this cell row produce pericentral
cells while they are extending in the blade
(Fig. 14). After reaching the margin the ter-
minal cell emerges and becomes an apical cell
of the branch of next order (Fig. 4, 14).
These endogenous branches at times become
free before they reach the blade margin.
New branches can be formed from the trans-
formation of apical cells of the second-order
cell row, as in the species of the genus Bran-
chioglossum (Fig. 15). Another mode is that
any marginal cell can adventitiously be trans-
formed into an apical cell of a new blade (Fig.
13).

Female reproductive organization: Pro-
carps are produced acropetally on the first-
order cell row of special small lanceolate
blades on the margin. The origin of special
bladelets is both endogenous and exogenous.
A procarp consists of a supporting cell, a 4-
celled carpogonial branch and 2 groups of

sterile cells (Fig. 9). Only one procarp on a
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Yoshidaphycus ciliatus (Okamura) Mikami.

3. Apical organization. 4. Endogenous origin of

branch. 5. Rhizoidal filaments from the blade. 6. Cross section of the thallus showing monostromatic alae and
midrib region with cortical cells. 7. Surface view of midrib area. 8. Secondary attaching disc from the margin of
the blade. a: apical cell; cc: central cell; co: cortical cell; 1-18: cells in the first-order cell row; iy, 1y, i3, 14: initials of

second-, third- and fourth-order cell rows.

blade gives rise to a cystocarp, which is pot-
shaped with an ostiole (Fig. 16, 17). A
pericarp is lined with several rhizoidal cells
(Fig. 17). Carposporangia are terminal on
the gonimoblast, elliptical to long elliptical in
shape, measuring 28-42 X 110-145 #m (Fig.
18).

Spermatangia: Spermatangial sori cover

the surface of broad lanceolate marginal bran-
chlets except the midrib and marginal area
(Fig. 19).

Tetrasporangia: Tetrasporangia are pro-
duced on small special linear branchlets, which
may be endogenous or exogenous in origin,
issued from the margin (Fig. 10-12). Tetra-
sporangial primordia are cut off from lateral
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Figs. 9-12. Yoshidaphycus ciliatus (Okamura) Mikami. 9. Formation of procarps. 10. Tetrasporangia in
fertile branchlets. 11. Arrangement of tetrasporangial primordia. 12. Tetrasporangia tetrahedrally or cruciately
divided. a: apical cell; cby_3: cells in carpogonial branch; cbmc: carpogonial branch mother cell; cp: car-
pogonium; iy, i3: initials of second and third-order cell rows; sc: supporting cell; st;mc: mother cell of first group of
sterile cells; stymc: mother cell of second group of sterile cells; ts: tetrasporangium.

Figs. 13-18. Yoshidaphycus ciliatus (Okamura) Mikami. 13. Adventitious origin of branch from blade
margin. 14. Endogenous branching. 15. Branching from the transformation of second-order cell row. 16.
Cystocarp on a fertile branchlet. 17. Young cystocarp with pericarp lined by rhizoidal cells. 18. Gonimoblast
filaments with terminal carposporangia. a: apical cell; ca: carposporangium; cc: central cell; cy: cystocarp; i: cell
produced by intercalary division,; iy, iy, is, i4: initials of second-, third- and fourth-order cell rows; Ip: lateral pericen-
tral cell; po: ostiole; rc: rhizoidal cell.
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Figs. 19. A branchlet with spermatangial sori.

pericentral cells and arranged symmetrically
in two rows along the midrib (Fig. 11). Ma-
ture tetrasporangia are 40-52 #m in diameter
and divide tetrahedrally or cruciately (Fig.
12).

Discussion

This species is attributable to the Hypoglos-
sum group of the Delesseriaceae, by the posi-
tion of procarps on the first-order cell row and
its apical organization, in which intercalary di-
visions do not occur in the first-order cell rows
and all initials of second- and third-order cell
rows reach the blade margin (Kylin 1924,
Mikami 1973, Wynne 1989). The observa-
tions described above show that this species
has a special combination of characteristics.
An endogenous branching usually emerges
from the blade margin. This mode of en-
dogenous branching is somewhat similar to
that reported in Hypoglossum anomalum Wynne
& Ballantine (1986), where a pair of en-
dogenous branches emerges from the blade

surface at a certain distance from the midrib
and rarely close to the margin. Reproductive
structures are restricted to the special linear
or lanceolate branchlets issued from the blade
margins. The origin of these branchlets is
either endogenous or exogenous or adventi-
tious. Carposporangia are terminal on the
gonimoblast filaments. This character con-
trasts to the condition in the genus Bran-
chioglossum, in which carposporangia are
produced in chains (Mikami 1979, Yoshida &
Mikami 1992). This combination of charac-
teristics warrants the proposal of a new genus
in the Hypoglossum group of the Delesseria-
ceae:

Yoshidaphycus gen. nov.

Frons plana compressa monostromatica,
crescentia apicalis ut in genera Branchioglossum
et Hypoglossum, venis transversalis et laterali-
bus destituta. Ramification alternate, en-
dogene et exogene, e margine enascentia.
Structurae reproductivae ad prolificationes
lineares limitatis. Procarpia cystocarpa ut in
genero Hypoglosso delesseriaceae aedifica.
Carposporangia terminales. Tetrasporangia
e cellulis pericentrales laterales enascentia.

Frond flat ribbon-like, monostromatic ex-
cept midrib, apical organization similar to
genera Branchioglossum and Hypoglossum in that
all apical cells of second- and third-order cell
rows reach the margin. Lateral veins ab-
sent. Branching alternate, with different
modes of origin: endogenously from axial
cells with branch lying in plane of parent
blade and exiting at blade margin, or ex-
ogenously from the transformation of apical
cell of the second-order cell rows, or adventiti-
ously from the margin. Reproductive struc-
tures confined to special branchlets linear or
lanceolate in shape, arising from the blade
margins. Procarps as in Branchioglossum and
Hypoglossum, with a 4-celled carpogonial
branch, two groups of sterile cells on a sup-
porting cell. Carposporangia terminal on the
gonimoblast filaments. Tetrasporangia cut
off from the lateral pericentral cells.

Species typicus: Yoshidaphycus ciliatus (Oka-
mura) Mikami, comb. nov.
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Basionym:  Branchioglossum ciliatum Oka-
mura, Icones of Japanese Algae 6: 50. pl.
277, f. 1-10. 1931. Lectotype: Tetrasporic,
Setozaki-mura, Ehime Pref., Leg. Isao
Morimoto, Aug. 23, 1916, SAP herb.
Okamura (Fig. 1).

Other specimens examined: Off Imabari,
Ehime Pref., Leg. S. Yagi, no date, SAP
herb. Okamura; Obashima Isl., Ehime Pref.,
Leg. S. Enomoto, Oct. 10, 1990, SAP
056667-9 (Fig. 2); Namikata, Ehime Pref., Leg.
S. Enomoto, May 9, 1990, SAP 056665;
Bingo-nada, Hiroshima Pref., Leg. H. Taki,
May 11, 1936, SAP 056663; Mukaishima
Isl., Hiroshima Pref., Leg. H. Taki, Mar.
22, 1935, SAP 056662; Ikata, Ehime Pref.,
Leg. S. Ninomiya, Aug. 1982, SAP 052320;
Tomioka, Kumamoto Pref., Leg. T. Yoshi-
da, SAP 045054, 050614; Nagasaki, no date,
SAP herb. Okamura; Takeno, Hyogo Pref.,
Leg. S. Enomoto, SAP 056664; Wagu, Mie
Pref., anon. Apr. 14, 1934, SAP herb.
Okamura.

Etymology: The genus is named in honor
of Dr. Tadao Yoshida, Faculty of Science,
Hokkaido University.
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Masahiro Notoya and Yusho Aruga: Tissue culture of Undaria pinnatifida

(Harvey) Suringar (Laminariales, Phaeophyta)
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Masahiro Notoya and Yusho Aruga, Laboratory of Phycology, Tokyo University of Fisheries, Konan-4,

Minato-ku, Tokyo, 108 Japan

There have been two reports of tissue cul-
ture in Undaria pinnatifida (Fang et al. 1983,
Yan 1984), in which parts of blade and stipe
were cultured in the medium containing a
synthetic plant growth regulator, sodium
naphthenate, and sporophytes were formed
directly from the cultured tissues. We report-
ed results of tissue cultures in three species
of Laminariales, Ecklonia stolonifera (Notoya
1988), Ecklonia cava (Notoya and Aruga 1989)
and Eisenia bicyclis (Notoya and Aruga
1990). In Ecklonia cava and Eisenia bicyclis
bladelets were formed directly from cultured
tissues in the medium without any synthetic
plant growth regulators. In this paper we
report the result of tissue culture from the
meristematic zone of stipe of U. pinnatifida,
in which male and female gametophyte-like
filamentous thalli and bladelets were directly
formed from the cultured tissues in the me-
dium without any synthetic plant growth
regulators.

A young sporophyte about 20 cm in blade
length of U. pinnatifida was collected at Banda,
Chiba Prefecture, on January 11, 1990. The
surface of midrib, blade and stipe was cleaned
with paper towels. Tissues for culture were
excised from various parts of the sporophyte
(Fig. 1). The sterilizing procedures of the ex-
plants were the same as described in a previ-
ous report (Notoya 1988).

Solid (1.5% bacto-agar, Difco Laborato-
ries) and liquid (artificial seawater “Jamarin
S”, Jamarin Laboratory) culture media en-
riched with PESI (Tatewaki 1966) were
used. The cultures on solid media in 60 X
10 mm Petri dishes were incubated at 15°C
and 1000 lux. The cultures in liquid media
in 40ml culture flasks were incubated at

15°C and 12000 lux. The illumination was
supplied by cool white fluorescent lamps under
a photoperiod of 14 L. : 10 D. The solid me-
dium was not renewed until tissues were trans-
ferred into liquid medium, which was renewed
at two-week intervals.

Tissues from various parts of the sporo-
phyte (Fig. 1) were cultured for regeneration
of cells on the solid medium for a month.
The tissues were greenish brown on the solid
medium within a day after sterilized, and
thereafter they gradually changed to brown.
Color of the tissues from blade (E and F) did
not change to brown within a month on the
solid medium and their cultures were taken

Fig. 1.

A young
pinnatifida (Harvey) Suringar showing the excised

sporophyte of Undaria

portions of thallus in this experiment. A and B,

midrib; C and D, stipe; E and F, blade.
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off. The tissues from midrib (A) and stipe
(D) were contaminated with endophytic fungi
and bacteria. Good outgrowth of regener-
ated cells was observed on the explants both
from midrib (B) and stipe (C). In these ex-
plants regenerated cells grew out from cut
portions (Fig. 2, A). These outgrown cells
were round with callus-like structure and
unlike the filamentous structure as observed
in Ecklonia stolonifera, Ecklonia cava and Eisenia

b

Fig. 2. Tissue culture from the stipe expiam of Undaria pz'nnaliﬁa (Harvey) Suringar. (A)r(.Jallus cells grown

bicyclis (Notoya 1988, Notoya and Aruga 1989,
1990).

After a month, the outgrown tissues were
cut in small pieces and transferred into cul-
ture flasks with the liquid medium at 15°C
and 12000 lux. After a month, the tissues
produced narrow filamentous thalli, the cells
of which had many chloroplasts and were
brown (Fig. 2, B). When the tissues with
filamentous thalli maintained for

were

0.5mm

A

~ e RTINS O

out at the cut end of the explant from stipe after a month on agar plate. (B) An enlarged part of initial filamentous
thalli (arrowhead) developed from outgrown callus in the liquid medium after a month. (C) Further developed
filamentous thalli clustered around the explant tissue two months after transferred in the liquid medium. (D) An

enlarged part of male gameophyte-like filaments.
gametophyte-like filament.

one and half months after separated from the explant tissue.

bladelets after four months in the liquid medium.

(E) Female gametophyte-like filament developed from male
(F) Mass of unpigmented callus developed from female gametophyte-like filaments
g P 8 phy!

(G) Initial growth of bladelets. (H) Developed
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another month in the liquid medium under
the same conditions, the filamentous thalli
progressively grew and covered the whole tis-
sue (Fig. 2, C). Color and shape of the fila-
mentous thalli (Fig. 2, D) were very similar
to those of the male gametophyte of Undaria
pinnatifida. The clustered filamentous thalli
were removed to the new liquid medium in a
flask. After two weeks, a part of them at-
tached to the bottom of flask. Subsequently,
broad and unpigmented filaments were
produced from the narrow filaments (Fig. 2,
E). Although the shape of narrow pigmented
or broad unpigmented filaments was similar
respectively to the male or female gameto-
phyte, they did not produce spermatangia or
eggs. After amonth, broad unpigmented fila-
ments grew gradually into masses about 0.5-
1 mm in diameter (Fig. 2, F). These masses
were similar to the callus just before differenti-
ation into bladelets of Ecklonia cava and Eisenia
bicyclis (Notoya and Aruga 1989, 1990). Af-
ter two weeks, blade-like tissues were ob-
served outgrowing from the masses (Fig. 2,
G). After longitudinal or transverse cell divi-
sions occurred in two-week culture, the blade-
like tissues became young plantlets like sporo-
phytes (Fig. 2, H).

The two types of differentiation from callus
have been reported in the tissue culture of
Laminariales plants; the formation of sporo-
phytes directly from callus (Fang et al. 1983,
Yan 1984, Notoya and Aruga 1989, 1990)
and the formation of aposporous male and

female gametophytes from which sporophytes
were fortmed by fertilization (Fries 1980, Lee
1985). In the present tissue culture from
stipe of Undaria pinnatifida, however, bladelets
differentiated directly from the male and fe-
male gametophyte-like filamentous callus
without fertilization. This is the third type of
differentiation from callus.
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Enhancement of photosynthetic CO, fixation of

the red alga Porphyra yezoensis Ueda in flowing seawater

The effect of seawater current speed on the light-saturated photosynthesis of Porphyra yezoensis Ueda was
evaluated for the development of its biomass production technology with utilization of high CO,. Photosyn-
thetic rate was found to increase with increase of seawater current speed and to be saturated over 3 cms™'.
The highest photosynthetic rate (1.8-2.0 zmol O, cm~?h~!) in flowing sea water was about twice that in
still seawater. Seawater flow seems to be an important factor in improving Porphyra production with addi-

tion of CO,.
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FEL1Z, BoROIREE(CBEE L CHREEE
TR CO, DFERHFIREHRFTL, AV E/ Y (Por
phyra yezoensis Ueda) DIEE R & &' CO, DEFIC X
S TREINDZ EXBLIT L TE R (Gao et al.
1991), BHBED CO, ¥FIA LIcAHE, Y DAEEY
AT AT, WMAKFREZAVCTNELPOHKBCEER
EAD CO, & O, DI X 5 HEXHS LIt HHE
WEENABTEZELDEELOLND, THhill,
KOFENRA Y/ ) OHERICRITTHECOWT
DHIRMNHE L I3, BEROXGRCRE TN
DEE B L TiL Wheeler (1980) 2% Macrocystis pyrifera
2T, & (1991) A3 Sargassum thunbergii 172\ T
KA & 2BRBEHLTE O I T3 Z
EEBELTLABN, AHEZ VEDOWTIRFDLS
BT — 235\, £ T, BEEDIIAYEZ)Y
DRERIBKROTHIZ L BHELY LOBEZIT A3
DI DNTRE LT,

HEoORYE /) (ZGRW ) ZBRBFHHEL
hi-EERE% 15°C, 300 gmole photons m~2s~! D Feff
TCTEKERLLLOXA, BEK (PES HNE
Bk 31 B el Lic, XARORELER
—~RARARZ b A2 —2 - LBHERTAKRE >

A7 A& (Fig. 1) X AT, KiR 15°C, sk (BX>
v 7, Toshiba 400 W) 600 #mole photons m~2~! (3¢
ARSEMXEE) OFTTot. AYE/ VOERE
(12~18fAf) %R 4 7 (BEX40cm, HE2 1=
13 3cm) NICHERE L THAKXERIE, Z8EKE (v
Yav, 125um) #*BTTIRAARZ brA—%—
CER LIcBKFO# AT (O, CO,, N, 72 &) 23
TRAARZ bR A— X —DEBELC Y - TEREYE
BLbD%, TAARZ br2—2—T)->THEl
B RIEL, 3~100kEcave.—2—E&L
7z (Fig. 2)o BBE 7 v — 75 BA LIclgKF » v —
CRBBRTHANTHY, WERCRAZ -5 1L T
BEL, BEEYEE Ly ADBIAEKDOIER X
BEEYFI X5 L, —RIEIL 5 ALRTHT
bhitc, XEREE (Pn, gmole O, cm~2h~1) (L LA TF D
RCESEHEH LI,

Pn=APR X K X V/S X 60
Z TIT APR IEER ST EERAL & Rl & O ERBERL D
RDI-BEESEECERE (torrmin~!) TH H, KIiXEk

ESEFLE APO, (torr) EH T 2 BEBELLE
AOQ, (#mole) D H: (AO,/APOy), V (X EASR DA (), S
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Fig. 1.
spectrometer (Ametek M200).

AV E Y OEHEE (cm?) THB, ¥, MEOD
BarIL, b1 TROEKE#IE X2 fc—ERFR
(54) OEIEXARETHELBEELY L T
KBRS, FASERAOBRFEMMEL HE L,
HEWMORILH A E /) OFERGY FV-T 3 @ERIE
LR, Xasic X 2BRBEEREILEKDOTED
B> THML, WK 3cms™! L ETRAMICE
T5Z ENBEBMTE - (Fig. 3) i, FAkFD
AHE /Y ORKEERBRERELEEE (1.8-2.0 pmol
Oyem~?h ) (XL KDOBE L W92 D » 1o K&
A HIFRT 5 HHEEET T, XARDOETITHL,

Light on

The flow-water photosynthesis measurement system jointed with a permeable membrane mass

AHE ) DIEREITES L C oM TREBIBEINMEL
s WEARIBEAE L 75 & 5 ihBER B (RESER)
BREGREELHBT AL DLEL OIS, AHE/
) DERGHEL CO, ERB L O, BRBOFETE
REE D BT 5 CO, IXT 5 O, DI (0,/CO,) #*
K&y, MEND O/CO, L AELeD 55,
HFRAIIZ 38\ T 0,/CO, KA E ¥ S, Rubisco (VY
Tar—R1, 5-ZY)VBAINEFS - FF TS
F—¥) DAF Y F—EL LTOFESLEED, »
NEF YT —E L LTOFEREIMET LTRERRIEH
Bk, Thik, HROHEINEGHEIIIEK

Fig. 2.

Photosynthetic O, evolution and CO, removal by Porphyra yezoensis measured with the system (Fig. 1)

and visualized on a NEC computer. “N,”, which is irrelevant to photosynthesis, was used as a control for the

permeable-membrane stability.
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Fig. 3. Relationship of light-saturated net

photosynthesis (Pn) of Porphyra yezoensis to seawater
current speed. Measurements were conducted with
the thalli (4-6 cm long) aged 52 (X), 54 (®) and
65 (O) days (after concospore attachment), 12-18
individuals (d.w. 0.21-0.23 g) of which were main-
tained in an assimilation pipe (40 cm long) of 2 (O)
or 3 (X, ®) cm in inner diameter.
BBV DD LEEXDND, BRDIEIEL 725
O TAYE, ) ERGYEL CO, ERB L O, 5%
REGH 70y, ERGREICHT D 0,/CO, thn'l
KOZNCESE, FH 0 DJECHRTPIEL D,
FMIRAP D Rubisco DAL HKF v 5 — ¥ & LTOFEKE
BE 5, XAREE,ENT 3 HEDOT TRERGE
1T 5 0/CO, LXK D S D LRAKTH b,
BERARC L 2B Z kb bDLEXLRS,
Wheeler (1980) (X, Macrocystis pyrifera D YA B B
P RASRADIAR DT DI AL > THIIM L, HK
FORREEBEE LK TD 4Ll b/ dz &%
B|E LT\ B, KLE Coelothrix irregularis D YA BUEE
EHE OB > THEML, 4cms™! TRFCEL
fo £ $E X T\ 5 (Carpenter et al. 1991), = hidE
ERTELAYE V) ORERAAAE 3ecms™! iT
W\ & (1991) (XBABKSR (Aow-through) TY I b 5
7 DHERBRFEERE & & OBGREFAN, it
HA2E (05-1.0cms™) IL7e % LR EEER
R EHEIMT B EH|EL T B, Ay e/ VBT
5 SEOREIASER TTbhich, FBCRTLERL
LIRREBONRD LELDND, VI T/ LR
Ve )RR L TRIE, BK1EEEThG L&
2, BHOELER T MBI > X T BT

FTRHELEOMCATE LTV, BOERE
THHHEETIERGO LB E LTV b DL
Z2 605, WESEBREOEERCRETHRIER
PBHRIZ L > TRILBIDEINR TS (Wheeler
1980), ¥/, BROBEOXAGREECRITTIK
DHEhOYFBIRGOMRBUMNCHEORE, TDOR
BEOBEDOHYROBEOBMIC L > TRIED DD EE
x2bhb,

CO, & O, DILEBFAEIIZERF T 10~ em? 571,
KB Ti21.7& 24X 10 %cm?s~! TH 5 (e.g. Wheeler
1980), T AUTEMGEORMENAR L OH ALK
E3CO, & O, DERBOYEL, KEEWDOBED
HREEEW L VEOCKECZ ERERT S, 20
£ 57£CO, & O, DERBDOE 2IKDFEDIEINC
Lichio THL BN, CO, & O, DH AKX
5 KEAH DO RBIIAKFEDOEE Y FF H\, Carpenter
etal. (1991) ZIMBAREPY DB D — KA EE N0 FEE D3
mEEdbic (16ems™! FT) WMLl LB/ELTH
%, MAREREOXARICHET 5N, £ OFR
ERBEORII L ¥ ET 5, Schumacher and Wit-
ford (1965) 1%, ¥RIKEE DGR (Oedogonium kurzii), BEEE
(Eunotia pectinalis), T (Tribonema monochlorum, Vaucheria
ornithocephala) T2 U° KL ¥& (Batrachospermum macrosporum)
DOREFHER VY v OREBUIHK (18cms™!) DH AL
KEhELIEWEHEL T3, Riber and Wetzel
(1987) (I BEEREORBIAKOMHE T L - THE
ThBT EHBELT5, i, BELUSHCHEIR
FOWRREE L HEC L > THEIhDZ EABES
AT\ % (Patterson and Sebens 1989),

BREE LA LOBCEIC X 2B F 7 5
7 (drag) Ciifx bh, BHECHEBHNLE 2 —ok5
2 BWARKDOWEIL80cms™! LLERKLEEATVS
(Sheath and Hambrook 1988), Porphyra tenera Kjellm D
R ERET TIRHE 5 cms™! TRKET TIL 30
ems™! THRACE L EREIh T3 (1841959),
Sargassum muticum D4 EE JNIRBIE RN OIHEX T
a0 X REE A TR L@ oK T
BE& LEARBE TH - 1o (Gellenbech and Chapman
1986), ZMITEI T EVBECRKBERENE
CTCHBELTHERBEYHEECEDL LETRL
T3, BEPBEFTAIZ LRI -THRZFIREL
T, WROTEIHTEF WL ORRIMERBER
BEcl-THBIhe oL s, AR 72
TRNKOBE L » TREZI WD Z EHET LA
%, %1, Wheeler (1980) i%, ¥BKDOFEHIEBE
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L Macrocystis pyrifera DA REE X RKICEZI RS
DB CRBEBENERINSDZ LB L,
BBEEDOCO, ¥ HEMLTAVE, )V DEENYED
B, EOHENERINBIDTHAS, / VD
BEEHTIL/ )V BEERDOTHTCO, @R ThiE,
TR D#EIK D upwelling % & 7o 53 O THEAF O ik
DFIA L BEERNOTI I BEI N B D, LERBYH
DB LIFETHD L, BEFEAE~NRTBL
LAREL EZ bh B,
WIRBELCHT B0 EE - T B, KAR
EHDOAA F = R AR BT 5 RBERAT
bhTws (B, kBED~71 BR=F V¥ -5
TR CTRIFEOEREK Y BA LT REERBY T
D, FBOBKOBELFEEEYFIHLTARE
ELIBBROAA A AXRBERTE I v 2
FREDBNRTVB), KEBREY B, 7Y)
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ELkCO,BEDA A A=ACEEBENRT b D
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OHBHT LMD, BENCLEFRCHE LcH=%x
NF -2 EFE LBAR Lishudic g,
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BARESAUES LAY L BRER
REOBEY

(19924E 9 A16H, WHFRILMEIAKE)

1) BHEEE
773 FEFRICHT 3 BMHERE
¥ BE WFAFEEREER)

BAEEOFR T, BREHEOHBE LTRL LA
WHRTERDIXZ T I FEFATHD, SENTED
T 1950 RDOBFFEE,» B S A ¥ T, FI30ERII
bl AEADOFT, k50 EXNEEIELIT
INERHBBECOWT, BEW Y, 7 2A%4R
DR ishis, FEEEDI,

Sager (1954) (X Chlamyd s reinhardtii DA+ V7
b= v VRS () LM () ROWTOMIRYE
B GEr vFAERE) G L, Tihbb, [#
AR+, oxBEAM—, ] O F, I sr:ss D3 4:0, ¥
o, [(EER+, sxEARM—, ] O F, 2,
sriss D0:4bisB, TOBRBL, Aveat A+
& THHEHOBA H DRLE (Correns 1909) % A
THREBREOHALE > TV BDT, 1960FERI T
>, BERE i, BAR YL ABIT IOk
27,

77 3 FEF AOBMEREFERCIIFFE LT, %
ORI BEALES C EMb D, Thi, HEH
DHRELED, #BFPELIC F, EEIh B
ENBBTETHB, 2D & ¥HHEERE L FY,
B, KESOFRVEBROVELTERTHEEGEX
HRfEE LTV 5,

FEG I DNA ¥R X hicZ & (Sager and Ishida
1963) *Eic, BEEREC L -, EBTELE
DIER DNA OEFHHALIIcD, EAH 6 RfE
B BAEFIIL, HEBBROERE DNA 234 LD
bhnZ LR LT, BREROERE DNA H%
LT3 2 &H8RE S hie (Sager and Lane 1972), E
2, WYAE DAPI X 5 ERGBOBKGREERC
X o5Th, BETFEAES XL 2BREHUAEREE
DOERREBIIHEAT 55, ERBROBKEEIE-> TV
% Z & (Kuroiwa et al 1982), %)% &5\ D2hD
WErD, 77 1 FerA0ORMEREGEIIERAE DNA
DEEFRELRB LTV B EATDLhB X 51l
97‘:_0

773 FEFRAOEGREYACIZRHEROER

RRMEREORDFFHME LT, LI HBWRABYSEL
feo BMEDERMBT (BB OEATLI-TELSDZ
ki, BT A BEFEIE (mtt/m) THBH,
FKHREH—, 2EVHETHB, —H, ABHOMARERE
B I3 EOBGTFE (mtt/mtt, mtt/mt=, mt~/
m™) TRHIIND fEEEELENTES, &
ZHR\NT, OHff (mtt/mt*)x i (mt~/mt™) &, O (mt
*/mttYX B (mtt/mem) DO OWT, FHK
HMBEFOEEYARE LT, BEVRAYHETS
ZENTED, TOR/R, OOBEIIHEERIE, @0
BA, mEMBREEKLZEAELM LT, B
Z, HERBBEREOHE (O0BHE) LBFE Q0
BE) ¥R TG EEEN BT LaEL
MIIE > 7 (Tsubo and Matsuda 1984), Sager and
Ramanis (1973) 23828t LR, [EBFOHESC X
- TG LS h 2 iAW E OE & TREZERE DNA
BHBERCI VHEII S, i, HESFE DNA
EH (2 FA{b) Shaionic, BRI BHHEY
FHiel ik, SBLZOTRTHELEEA TS
FCiien & LTh, Rk DNA OB & HE LM
REBETF (mt*) L > THERIATV5 2 LiTBA
Th5,

—%, EEofxsbe (M, EZThZThEOW»
TRER, REMCoREME L SEMR, SEMR
LEBTF, BERTLERBT) »HEABIARNMR
BAHBIC X > TIEB R B BB, TXTOARE
bRk, AREREOHR CTERGRETIE
EIXhBZ Edbhot, 2O, BLOHELEHE
R\, EHROERGREETIZEHEFES T
EETRCEEINBZ LB LT, BHio, MLk
OEBTEOBAELRICB b, HHOERGERET
NEEBROERGEERT I vV L EEBCEEIhB T &
Ao o T 5 (Matsuda et al 1983, 1988),

Bt » T, C. reinkardtii TiY, I +avFV7
DNA DEHEIMBETH D - EABREIRTW3
(Boynton et al 1978), BB DOV TIXELIUT LA L
LA IR TRV i, #ER{E DNA OEEFA &
Wi hBiE-T3LX5ThH5,

(T658 MM HREXELH44-16)
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2) AEEE
ZAHE /) OBRERGOBERORECOWT
= BB RRKERELERER SFHAEER)

AHE 7 Y (Porphyra yezoensis) TiX, RERLHKRER
R EDBEERGBIHITEIN TV B, ChEOBEE
REDBET AN DOIDCTHEER T T -10e TDRE
£, REHLKENO AREATRANL, B—#ET
TEEYFT, ThHooBERAL, FERCHLTHE
ThHb, ¥h, BENLKRERHORETFIL, F—EHE
BB LT, HRARGA ORI HBETECMEL
TWB T Ehbhols, BAERLEGEMES L ORER
L ORI L H—RETFHEEOARE BRTH) 15
ik, 68D, i, RAR LKA L ORH LIS
BETFHEDORREN BT, 36BDRXYRIEA b+ 2
SEERE EBBE) »VEL, chbDF 2 SERK
i, REEAROARGBEHER I CBRRTIOA L

F 2 SERGOERHT, ¢+ MBAORFED 4 Mk
DENRFRYEEL LTWAZ ERELMT IR,
Thebt 4 MO RFEE BN T 5 4 Mind, B
DEUOEHL LTELAEFFIHEYL, 1o—Flc
BRCEL > TWBDT, 7HhAvHEDRFELR
BOBREYTFBYTBZ Edibhiote, Lichio
T, A¥E/ ) TR, RESZL, RIEBTFORFRIC
BBz N, EOREAD 4 SERGOHREE
CESOCTCIEE I M, ek El, EOREA D+ 2
SERGOEZROFEY B TS FHVHBFETD
BT Ehbhole, FOEGFHIC LU, RER
LRBMOBETIZ, 3ESEFHEOVShTH DL,
BETERLVY, HHEFH T, ToHERREHEDH
F#x i A TREWEETFIZ, BREG1H15.8EL
# VBN CEETECAEL, REMRETE, L0
R 017.9 1 7 vEERCRIETEECAIBE S5 L #
B hi, (T251 BERMTEER3-4-8)
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KEBLIFR - EEEG2RY 1988 i—xii+214H.
1992.

BNBIER 2,500

BEEY D TR LI E LD L) W L EFHAH
D, ThXFEIXBOFRAT L -~ TEREID, HEY
DELIL 2 BB X > TIELR, 77 VEEEEHL,
R LEEERIR