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Calcification of Chara braunii (Charophyta) caused by
alkaline band formation coupled with photosynthesis

Megumi Okazakr and Mieko TokiTa

Department of Biology, Tokyo Gakugei University, Nukuikita-machi, Koganei-shi, Tokyo, Mf,{q[)gn

Oxkazaki, M. and Toxkrra, M. Calcification of Chara braunii (Charophyta) caused by alkaline band
formation coupled with photosynthesis. Jpn. J. Phycol. 36: 193-201.

A fresh water calcareous alga Chara braunii (Charophyta) formed one or two definite bands of
CaCO; deposits on the surface of the young internodal cells when the alga was grown in aquaria con-
taining Ca?*-enriched pond water. The alkalinization of the culture media was always accompanied
by CaCOj; deposition on the cells. Many hexagonal and foliated crystals were observed with scann-
ing electron microscope and they were identified as calcite by X-ray diffraction. The alga was em-
bedded in 0.5% low gelling-temperature agarose gel prepared with artificial pond water containing
HCO;~ and pH indicator, phenol red, to study OH~ accumulation and its role in calcification. One
or two reddish alkaline bands were detected on the internodal cells by illumination of the alga, and
this formation was strongly but reversibly inhibited with Diamox, an inhibitor of carbonic anhydrase
and DCMU, an inhibitor of photosynthesis. CaCOj; bands were always associated with alkaline
bands on the internodal cells but the reverse was not true. The alkaline bands often induced CaCO;
crystals on uncalcified cell surfaces when the agarose gel contained sufficient HCO;~ and Ca?*. These
results strongly suggest a close relationship between CaCOj; deposition and alkaline band formation
resulting from HCO; ™~ utilization by photosynthesis.

Key Index Words: CaCOj deposition— calcification—Chara braunii—OH ~ efflux.

It has been known that the fresh water
algae Chara and Nitella deposit calcitic
CaCQO, in bands on the outer surface of their
internodal cells (LEwiN 1962, BorowiTZKA
1982). SpEAR et al. (1969) and Lucas and
SmrtH (1973) showed the formation of alka-
line and acid bands on the surface of Nitella
and Chara cells and suggested that this phe-
nomenum was intimately coupled with algal
photosynthesis. The base bands seemed to
be dependent on an OH™ efflux caused by
HCO;™ utilization in photosynthesis (Lucas
1979). The localized alkalinization is be-
lieved to cause precipitation of CaCOj; on
the cells (Spear et al. 1969, Lucas and
Smit 1973). However, no experimental
evidence regarding this has been reported
until now. In this paper, we describe a
relationship between CaCQOj deposition and
alkaline banding on the internodal cells of
Chara braunii.

Materials and Methods

Plant material

Chara braunit was grown in an aquarium.
The aquarium was filled with tap water
(20!), and small plastic containers (200
ml) containing a total of 500g of soil
were placed at the bottom. Ig of
Ca(OH), was mixed with the soil to
neutralize the soil and to increase Ca** in
the medium. 10 cm tall Chara plants were
planted in the soil in the aquarium. The
plants grew to about 20 cm at 22°C under
7,000 lux illumination (12 hr light: 12 hr
dark) after three weeks, and clear CaCO,
deposits on the internodal cells were ob-
served after one month. Ca*' and Mg**
contents in the medium were determined by
an EDTA-chelating titration. The pH of
the medium was measured with a combined
glass pH electrode.
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Observation of CaCO; deposiis on the cells by
scanning electron microscopy (SEM)

Internodal cells, averaging 3cm in
length, were separated from intact plants.
The cells were fixed at 4°C for 1 hr in
59, glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.4) satuarted with precipitated
CaCO,, followed by fixation in 2%, osmium
tetroxide in the same buffer at 4°C for
1 hr. Then the samples were dehydrated
through an ethanol series saturated with
precipitated CaCO,, and then dried in a
critical point dryer (JCGPD-5) after replace-
ment of ethanol with isoamylacetate. They
were coated with palladium-gold, and exa-
mined with a scanning electron microscope
(JSM-F15) at an operating voltage of 15 kV.

Deiection of alkaline band on the cell

Small pieces of plants with about five
internodal cells were taken from the tips of
the intact plants. They were kept under
3,000 lux illumination at 24°C for 2 hr in
a 1 mM NaHCOj-containing bathing solu-
tion (pH 7.0) consisting of 0.6 mM NaCl
and 0.2 mM each of KCl, Na,SO, and CaCl,
and then kept in the dark for 20 min prior
to being used in experiments. These pre-
treated plants were embedded in 0.5%, a-
garose gel (Sigma low gelling-temperature
agarose) in a Petri dish. The agarose gel
was prepared with the above bathing solu-
tion containing 0.2 mM NaHCO, and 0.1
mM phenol red as a pH indicator. The
embedded plants were illuminated at 7,000
lux from two tungsten lamps to detect the
alkaline and acid bands formed on the
surface of the internodal cells.

Inhibitors

Diamox (acetazolamide), a specific inhi-
bitor of carbonic anhydrase, and DCMU
(3-(3,4-dichlorophenyl)-1,1-dimethylurea), a
specific inhibitor of photosynthesis, were
used to examine their effects on alkaline
band formation. Diamox and DCMU
were added to the bathing solution
containing 1 mM NaHCO, at 1 mM and
at 0.01 mM, respectively. In the case of

DCMU, the bathing solution contained
0.059, ethanol to increase the solubility
of DCMU. At first, plants were embedd-
ed in the agarose gel, as described above,
to confirm their ability to form alkaline
bands. These plants tested were transfer-
red into a bathing solution containing 1
mM NaHCO, and 1 mM Diamox or 0.01
mM DCMU, and were incubated at 3,000
lux for 15 hr (for Diamox) or for 3 hr (for
DCMU). These plants were embedded in
agarose gel containing 0.2 mM NaHCO,
and Diamox or DCMU at the same con-
centration as above, and were illuminated
at 7,000 lux to examine the effect of these
inhibitors on the alkalinization on the cells.
Then, the embedded plants were carefuly
removed from the gel and washed thorough-
ly with bathing solution for 24 hr to remove
the inhibitors incorporated into plants.
The washed plants were embedded again
in the gel to test resumption of their alka-
linizing activity.

Induction of CaCOj, crystals on the cell in gel

Sections of plants which were free from
CaCO, on their cells were embedded in
agarose gel containing 0.2 mM NaHCO,,
0.1 mM phenol red and 10 mM CaCl,
and kept at 24°C under illumination at
3,000 lux (12 hr light: 12 h dark) for one
month. CaCO, crystals formed in alkaline
bands on the internodal cells were observed
under polarized light with a camera (Asahi
Pentax SP) through a close-up lens or under
normal light with a microscope.

Results

CaCO, deposition

Chara braunii grown in the aquarium de-
posited several CaCO, bands on its inter-
nodal cells after one month (Fig. 1).
CaCO, deposition was not observed on
the first, youngest internodal cell, but the
second and third cells from the tip became
encrusted with CaCO, deposits. Calcifi-
cation was completed at the fourth inter-
nodal cell with about two bands of CaCO,
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Fig. 1. Heavily calcified Chara braunii grown
in Ca®"-enriched pond water. Note white bands
of CaCOj deposited on the internodal cells of main
axis and wheels. Photograph was taken under
polarized light. Scale=1 cm.

Table 1. Contents of Ca?* and Mg?**, and
pH change of culture medium of Chara braunii.

Aqarium Caz* Mg?+ Initial Final

No. (mM) (mM) pH pH*
1 0.45 0.21 7.2 8.7
11 0.53 0.25 8.1 9.3

111 0.39 0.15 7.8 9.0
18Y 0.59 0.18 72 9.2

*Values after one month.

deposits (Oxkazakr and Furuva 1983).  As
shown in Table 1, Ca*" and Mg** concen-
trations in the culture medium were about
0.5 mM and 0.2 mM, respectively. Calci-
fication was never found when the medium
was not enriched with Ca** by adding
Ca(OH), in the soil. A remarkable increase
in the pH of the culture medium was always
observed with the growth of plants. A
change from pH 7 to pH 9 was observed
after one month, for example, and CaCO,
deposition on the cells was initiated near
pH 9. This indicates that an increase in
the CO,*” concentration in the medium
took place with alkalinization in the medi-
um, resulting in CaCO, deposition. Fig. 2
A, B and C show scanning electron micro-
graphs of CaCO, crystals deposited in a band
on the fourth internodal cells. Well-

Fig. 2. Scanning electron micrographs of
calcite crystals deposited in band on the fourth
internodal cell from tip. Note that most crystals
are hexagonal and foliated. C shows a magnified
view of a crystal in B.

Scale=100 #m (A), 10 zm (B), 5 zm (C).
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developed crystals were hexagonal, with a
length of about 100 um (Fig. 2B). They
had a foliated structure as shown in Fig. 2
B, C and were identified as calcite by X-ray
diffraction of powdered material (data not
shown here). Mg** has been known as a
strong inducer of aragonite in vitro (Kitano
and Hoop 1962). However, in the present
case, the degree of Mg*" concentration
(about 0.2 mM) was not sufficient to in-
duce aragonite.

Alkaline band formation and effects of Diamox
and DCMU on it

A Chara plant with a tip was embedded
in 0.59, agarose gel prepared with a bath-
ing solution (pH 7.0) containing 0.2 mM
NaHCO; and 0.1 mM phenol red as a pH
indicator, and was illuminated at 7,000 lux.
Alkaline bands were detected by the change
of phenol red color from yellow (below pH
7.0) to reddish (above pH 7.5). The red-
dish bands appeared on the internodal cells
of the main axis and lateral branches after
10 min exposure to the light and the base
accumulation continued with time. The
reddish bands grew clearer after 30 min
(left line in Fig. 3) or 60 min (Fig. 3A).
Acid bands, which were indicated by a
colour change of phenol red to yellow, al-
ternated with alkaline bands, but acid
bands were not seen in Fig. 3, because
they were less clear than alkaline bands.
The alkaline bands rapidly disappeared in
the dark. When the same material was
treated with Diamox (at 1 mM) or DCMU
(at 0.01 mM), alkaline bands were scarecely
detected on the cells even after 120 min in
the light (Fig. 3B). This shows the strong
inhibitory effect of both compounds on
base formation. The inhibition was more
complete with DCMU than with Diamox.
However, when both inhibitors were washed
out from the plants, alkaline bands appear-
ed again as strongly as on the plants prior
to exposure to inhibitors, showing a rever-
sible inhibitory effect of both inhibitors
(Fig. 3C, compared with 3A). In this ex-
periment, Chara plants were pre-incubated

with a high concentration (1 mM for 15 hr)
of Diamox (acetazolamide), but alkaliniza-
tion on the cells was not completely inhi-
bited. This may be due to a high concen-
tration of inorganic carbon (1 mM HCO;™)
and the low permiability of biological
membranes to Diamox (MORONEY et al.
1985). Itis possible that carbonic anhydrase-
independent CO, fixation occurs in the high
concentration of inorganic carbon at pH
7.0 and/or intracellular carbonic anhydrase
is not completely inhibited by Diamox, still
allowing a low activity of photosynthesis
(MoRroONEY et al. 1985, PricE et al. 1985).
These results suggest an intimate relation-
ship between base acumulation and the uti-
lization of HCO,;™ in photosynthesis.

Correlation between alkaline bands and CaCO,
bands on the cells

In Fig. 4, the location of alkaline bands
(4A) were compared with that of CaCO,
bands (4B). CaCO, deposits were clearly
shown under polarized light. As shown in
Fig. 4 A, B, CaCO, bands on the internodal
cells of the main axis and lateral branchs
always accompanied alkaline bands although
the opposite was not true (arrowhead in
Fig. 4A). These photographs suggest an
important role of alkaline bands in CaCO,
deposition.

CaCO, deposition in alkaline bands in vitro

A plant initially free of any CaCO, de-
posit was embedded in agarose gel contain-
ing 0.2 mM NaHCO; and 10 mM CaCl,
in bathing solution, as described in Ma-
terials and Methods (Fig. 5A). In this ex-
periment, Ca’* was enriched about fifty
fold of that of usual bathing solution. The
embedded plant was incubated at 3,000 lux
at 24°C (12 hr light: 12 hr dark). After
about 14 days, several minute crystals ap-
peared in the alkaline band on the inter-
nodal cell (arrowheads in Fig. 5B). The
number and size of crystals deposited on the
cell increased after 19 days (arrowheads in
Fig. 5G). Fig. 5D shows light micrographs
of calcitic crystals, about 100-200 ym in
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Fig. 4. CaCOj4 bands associated with alkaline
bands on internodal cells of main axis and wheels.
Black regions in A corresponds to alkaline bands.
Photograph of CaCOj; bands was taken under
polarized light (B). Note that CaCO, bands always
accompany alkaline bands but the reverse is not
true (arrowhead in A).  Scale=1 cm.

length, deposited on the cell surface after
30 days. Some of these crystals are similar
in shape and size to naturally deposited
crystals (cf. Fig. 2A, B). Crystals were
never found in the cell wall itself, upon
examination of thin sections of the cell
wall with a transmission electron micro-
scope (data not shown here).

Discussion

In the present study, alternating bands
of base and acid formation were detected
on the internodal cells of Chara braunii em-
bedded in agarose gel containing phenol
red, a pH indicator, in artificial medium.
SPEAR el al. (1969) already detected both
bands on Nitella clevata cells by bathing

them in artificial medium containing
phenol red. However, it was difficult using
this method to retain base and acid bands
on the cells for a long time because the ac-
cumulated base and acid were more rapidly
dispersed into solution than into agarose gel.
Our present study clearly shows a close re-
lationship between alkaline band formation
and CaCO, deposition on the internodal
cells.  When the concentration of Ca*" and
HCO,™ in the medium is adequate, an in-
crease in pH displaces carbonic acid equi-
librium, increasing the CO,*” concentra-
tion, so that the solubility product of
CaCO,isexceeded. The banding phenome-
non on the cells of the Charaphyceae has
been investigated by many workers. It is
agreed that acid bands are dominated by
an active H" efllux.

However, concerning the alkaline bands,
several hypotheses have been reported.
Lucas and Swmira (1973) suggested that
alkalinization results from HCO, -uptake
and CO, fixation, and subsequent localized
OH™ efflux. The OH™ efflux seems to be
carried out by a specific transport system
(Lucas 1979).  On the other hand, Ravexn
et al. (1986) postulated that alkaline band
formation is caused by a passive H™ uniport
influx. Prick et al. (1985) reported a close
relationship between plasmalemmasomes in
acid band, carbonic anhydrase and utiliza-
tion of HCO,™ for photosynthesis in Chara
corallina.  In their speculative model, OH~
production is coupled with H* production
from H,O, i.e. acid band formation at the
plasmalemmasomes, resulting in alkaline
band formation at the other sites on the
Chara cells. Then, HCO,™ utilization for
photosynthesis enhances OH™ production,
and allows enhanced base accumulation in
the alkaline bands.

Fig. 3. Alkaline bands formed on internodal cells in the light and effects of Diamox and DCMU on
alkaline band formation. Chara plants were embedded in agarose gel.  Black regions in photographs cor-
respond to alkaline bands coloured reddish with phenol red. Left line shows a time course of alkaline
band formation without inhibitor. Middle and right lines showing effect of Diamox (at 1 mM) and DCMU
(at 0.0 mM), respectively. A, before treatment with inhibitor; B, with inhibitor; C, after removal of
inhibitor by washing the plants. Figure on top of each photograph shows the period of exposure to light
in minutes. Note strong but reversible inhibition of alkaline band formation with both inhibitors.

Scale=1 cm.
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Fig. 5. CaCOj crystals induced in an alkaline band on internodal cell.
Young internodal cells free of CaCO; deposits were embedded in agarose gel mounted on a glass
slide. A black region in A, B and C corresponds to alkaline band coloured reddish with phenol
red. In A, B and C, photographs were taken under normal and polarized light to show crystals
deposited (arrowheads). Light micrograph D shows a magnified view of deposited crystals.
Scale=0.5 cm (A, B, C), 200 zm (D).
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Although our present study did not deal
specifically with the causal mechanism, a
close relationship between alkalinization
and photosynthesis was clearly shown.
DCMU, a specific inhibitor of photosyn-
thesis, strongly inhibited the alkalinization.
In a freshwater green alga, Gloeotaenium
loitlesbergarianum, calcium carbonate depo-
sition is inhibited with 10™*M DCMU
(DEviprasap and  CHOwDARY  1981).
Diamox, a specific inhibitor of carbonic an-
hydrase, also inhibited the banding phe-
nomenon. This enzyme plays an important
role in HCO, -dependent photosynthesis in
Chara (PRICE et al. 1985) as well as Chlorella
(MrvacHI et al.1983, MoRONEY et al. 1985).
If intracellular carbonic anhydrase is in-
volved nithe reaction, HCO,—CO,+OH",
in Characeans, an inhibitory effect of Diamox
on alkaline band formation can be explain-
ed, supporting the hypothesis of Lucas and
Smith as described above. On the other
hand, if this enzyme catalizes the reaction,
HCO,” +H* CO, — + H,0, for photo-
synthesis in the plasmalemmasomes as sug-
gested by Price ez al. (1985), Diamox is also
expected to exhibit a strong inhibiting
effect on alkaline band formation.

Calcification in algae, in general, is
grouped into two types (Smvkiss 1986).
One is “biologically-induced calcification”
and the other is “organic matrix-mediated
calcification”. Chara calcification is con-
sidered to be biologically-induced, which
takes place as a result of interaction be-
tween the activity of the organism and its
surrounding environment. CaCO, depo-
sits on the internodal cells appear to be
formed as a by-product of photosynthesis.
CaCO; deposition in Charophyceae may
play a physiological role in depressing an
increase in the pH of the medium associ-
ated with photosynthesis.
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The characteristics of photosynthesis and carbon metabolism
in Heterosigma akashiwo (Raphidophyceae)
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Takanasur, K. and Ikawa, T. 1988. The characteristics of photosynthesis and carbon metabolism
in Heterosigma akashiwo (Raphidophyceae). Jpn. J. Phycol. 36: 202-211.

The characteristics of photosynthetic CO, fixation were studied in the marine raphidophycean
flagellate Heterosigma akashiwo. The rate of photosynthetic CO, fixation was saturated about 150
W-:m~2 and was not inhibited by higher light intensities at least up to 500 W-m~2, Maximum rate of
photosynthetic GO, fixation was about 300 zmol CO, mg Chl.a~1. hr=!. The rate was saturated at
about 1 mM NaHCO; and half-saturation for NaHCO; was about 0.1 mM. Time course of C-
incorporation into photosynthetic products showed that 3-phosphoglycerate was the initial product,
and 809% methanol-soluble g-1,3-glucans were the main reserve products of photosynthetic CO,

fixation. Pattern of dark *CO, fixation after preillumination also suggests that photosynthetic CO,
fixation in this alga may be carried out by the reductive pentose phosphate cycle (C; cycle).

The effect of oxygen on the rate of photosynthetic ¥CO, fixation was also studied. The highest
rate was obtained under 2% O,. The rate under 1009, O, was 30%, lower than that under 2%, O,.
Under 100% O, relatively low levels of intermediates of photorespiratory pathway such as glycolate,

serine and glycine were accumulated.

These results indicate that H. akashiwo has high photosynthetic activity even under the conditions
of the high light, low CO,, and high O, concentrations.

Key Index Words: Dark CO, fixation—Heterosigma akashiwo (Raphidophyceae)—Light-enhanced
dark CO, fixation—Olisthodiscus luteus—Photosynthesis—Photosynthetic CO. fixation—Storage

product.

The marine raphidophycean flagellate
Heterosigma akashiwo (Hada) Hada is one
of the most abundunt phytoplankton spec-
ies in the temperate coastal waters of Japan.
Previously, this alga was usually referred to
as Olisthodiscus luteus, but it was recently
pointed out that this species should be
treated under the name of H. akashiwo
(HARrA et al. 1985). In recent years, the
number of investigations of the ecology
and physiology of this alga has increased
considerably since the recognition of its
importance as a principal organism in “red

This work was supported in part by Grants-in-Aid
for Scientific Research from the Ministry of Educa-
tion, Science and Culture of Japan (59390002,
60040062, 62304006) and grant from the Nissan
Science Foundation.

tide” blooms (Fukazawa et al. 1980,
Hatano ef al. 1983, TakaHAsHI and
Fukazawa 1982, Tomas 1979, 1980, Wapa
et al. 1985, WATANABE ¢t al. 1982).
However, relatively little is known about
the photosynthetic process in this alga.
Tomas (1980) has reported the effects of
light intensity and temperature on the rate
of photosynthesis and the cellular concen-
trations of nitrogen and carbon in an
axenic clone of O. luteus following incuba-
tion in both indoor and out-door growth
chambers. The major photosynthate of
O. luteus was reported by BmoweLn (1957)
to be mannitol, and HELLEBUST (1965) also
found it to be the major carbon compound
excreted from this alga. However, no in-
vestigation has been carried out on the
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carbon pathway during photosynthesis, nor
the effect of oxygen on photosynthetic
carbon metabolism in the raphidophycean
algae including H. akashiwo.

The purpose of the present study is to
characterize photosynthesis and photosyn-
thetic carbon metabolism and to elucidate
carbon fixation in the dark in H. akashiwo.

Materials and Methods

Algal culture

Heterosigma akashiwo (Hada) Hada was
obtained from M. TakaHasHI, Department
of Botany, University of Tokyo. The alga
was originally isolated by S. YamocHI,
Osaka Prefecture Fisheries Experimental
Station, from Tanigawa Fishing Port, Osaka
Bay in 1979. Cells were grown axenically
in 2-liter Erlenmeyer flasks containing 1
liter of PES medium (ProvasoLi, 1968),
together with Jamarine S artificial seawater
(Jamarine Laboratory, Osaka, Japan) at
18% salinity and enriched with 200 mg
NaNO, and 40 mg Na,HPO, per liter of
medium. The medium was adjusted to
pH 8.0 with KOH. Illumination was pro-
vided by cool-white fluorescent tubes at an
intensity of about 12W-m™2 at flask level
under continuous bubbling with ordinary
air.

Cells in a late exponential phase of growth
(6-7 days old) were harvested by gentle
filtration through Millipore filter SM (5
pum pore size), washed three times with
reaction medium containing 25 mM HE-
PES and enriched PES medium (pH 8.0),
and resuspended in the medium at a con-
centration of 5-10 ug chlorophyll a per ml.
A small amount of silicon (Toshiba Silicon)
was added to the reaction medium to pre-
vent foaming.

Photosynthetic *CO, fixation

Photosynthetic “CO, fixation was carried
out using 1 m/ or 6 m/ of algal suspension
placed in spitz-type test tube (15X 145 mm
or 30 X 164 mm) at 23°C, and bubbled with
CO,ree air from a long hypodermic needle

at a flow rate of 120 m/-min™" throughout
preillumination and subsequent photosyn-
thetic *CO, fixation. The tube was illu-
minated from one side with a halogen lamp.
After 10-min preillumination, photosynthetic
“CO, fixation was started by injecting 240
uCi (56.1 mCi-mmol™') NaH“CO, per ml!
of algal suspension, and stopped by treating
with methanol as described below. After a
scheduled photosynthetic period, suspending
algal cells were collected quickly with suc-
tion through a glass-filter disc (Whatman
GF/A, 25 mm diameter) and the cells were
dipped into 80% hot methanol together
with the disc. Illumination was continued
throughout these processes. The algal sus-
pension was heated in a water bath at 65°C
for 5 min. After removal of glass-fiber disc,
the suspension was acidified by the addition
of acetic acid. A part of the algal suspen-
sion was then analysed for C fixation pro-
ducts.

Analysis of “CO,-fixation products

The algal cells suspended in methanol
were filtered through a Millipore filter (HA
type, 0.45 yum pore size, 25 mm diameter).
The cells on the membrane filter were ex-
tracted several times with a small amount
of 809, hot methanol. Extracts were com-
bined (809, methanol-soluble fraction) and
a portion of the mixture was removed to
determine the radioactivity. The radioac-
tivity of the residue on the membrane filter
(809, methanol-insoluble fraction) was de-
termined with a liquid scintillation spectro-
meter. The rest of methanol extract was
dried in wvacuo at 35°C and dissolved in a
small amount of 809, methanol to be chro-
matograph two-dimensionally on Whatman
No. 3MM filter paper. The individual
compounds were identified as described by
Suzukr and Ikawa (1985). Free sugars
used as standards were also co-chromato-
graphed on Toyo filter paper No. 50 with
solvent systems, n-butanol-acetic acid-water
(5:4:2 v/v), n-butanol-pyridine-water (6:4:3
v[v) (FREncH and WiLp, 1953), and ethyl
acetate-pyridine-water (6:4:3) (WHISTLER
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and Hickson, 1954).

The three spots of “C-compounds left in
the lower Rf regions after two-dimensional
chromatography were eluted with water for
treatment with #-1,3-glucanase, which was
prepared from Trichoderma viride by the
method of Horitsu et al. (1973). The
resulting product giving one radioactive
spot on re-chromatography was co-chroma-
tographed with authentic glucose.

Determination of chlorophyll a

Chlorophyll & was measured spectro-
photometrically in methanol extracts by the
procedure of IwaMuRra et al. (1970).

Results

Effects of light intensity and NaHCO, concen-
tration on photosynthetic CO, fixation

Fig. 1 shows the rate of photosynthesis
under ambient air condition as a function
of light intensity. The rate of photosyn-
thetic CO, fixation was saturated at about
150 W-m™2 and was not inhibited by higher
light intensities at least up to 500 Wem™.
Maximum rate of photosynthetic CO, fixa-
tion was about 300 umol CO, mg Chl.a™'-

Fig. 2 shows the effect of NaHCO, con-
centrations on the rate of photosynthetic
“CO, fixation at pH 8.0. The rate was
saturated at about 1.0 mM and half-satura-
tion for NaHCO, was 116 yuM. These data
suggested that characteristics of photosyn-
thetic CO, fixation in this alga adapted to
a higher light intensisty and a lower con-
centration of inorganic carbons.

Time course of photosynthetic CO, fixation

The total amount of photosynthetic CO,
fixation increased linearly for 10 min at 0.7
mM NaHCO, and 250 W-m™ (Fig. 3).
The percent of *C incorporated into the
809, methanol-soluble fraction attained
about 849, while those into the insoluble
fraction was only 169, after 10-min “CO,
fixation. In addition, about a half of *C
of the latter was localized in the g-1,3-glu-
cans during this period (data not shown).
Time course of *C incorporation into indi-
vidual compounds are shown in Fig. 4.
More than 809, of “C in the methanol-
soluble fraction after 15-sec photosynthesis
was incorporated into 3-phosphoglycerate
(PGA) and a small portion of other sugar
phosphates, but it decreased quickly there-

hrl, after. In contrast, the radioactivities of
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Fig. 1. Effect of light intensity on the rate of photosynthetic *CO, fixation in Heterosigma akashiwo
cells under ambient air condition. The rate was calculated from the amount of 1C fixed for 5 min after
10-min preillumination. Incubation temperature and NaHCO; concentration were 23°C and 0.7 mM,
respectively. Other experimental conditions are described in the text.
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Fig. 2. Effect of NaHCO; concentration on the rate of photosynthetic
14CO, fixation in Heterosigma akashiwo cells under ambient air condition.
Chlorophyll a content and the light intensity were 5.2 u#g-ml/~! and 250
W-m~2, Other experimental conditions are described in the text.
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Fig. 3. Time course of *C-incorporation into
809% methanol-soluble and -insoluble fraction
during photosynthetic ¥CO, fixation in Heterosigma
akashiwo cells under ambient air condition. Light
intensity and NaHCO; concentration were 250
W-m~2 and 0.7 mM, respectively. Other experi-
mental conditions are described in the text. O,
total activity; [], 80% methanol-soluble fraction;
A\, 80% methanol-insoluble fraction.

80

PGA+Sugar-P

60

8-1.3-glucans

&S
o

N
o

{Manﬂol

/,'%C of MeOH-soluble fraction

Minutes in the light

Fig. 4. Percentage distribution of G incorpo-
rated into individual products versus time of pho-
tosynthetic #CO, fixation in Heterosigma akashiwo
cells. Data are from the experiment described in
Fig. 3. Symbols: Ala, alanine; Asp, aspartate;
Gln, glutamine, Glu, glutamate; Gly, glycine; Ser,
serine; Total OA, total organic acids such as
malate, succinate and glycolate.
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amino acids as well as fg-1,3-glucan are
remarkably increased for the first few min-
utes. The results clearly indicate that
PGA was the first product of CO, fixation,
and that radioactivity was transferred to £-
1,3-glucans and amino acids. It may well
be that, therefore, the pohtosynthetic CO,
fixation in H. akashiwo is mainly carried
out through the reductive pentose phos-
phate cycle. It should be pointed out here
that the “C-incorporation into A-1,3-glu-
cans of 809, methanol-soluble fraction rap-
idly increased with time to occupy about
609, of the total activity after 10-min photo-
synthesis, whereas a very small amount of
the activity, i.e. about 49, of the total, were
incorporated into mannitol.
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Fig. 5. Time course of “C-incorporation into
80% methanol-soluble and -insoluble fractions
during dark “CO, fixation by preilluminated and
non-preilluminated cells of Heteosigma akashiwo.
Open symbols: dark CO, fixation after 10-min
preillumination (250 W+m~2) under COs-free air
condition; closed symbols: dark “CO, fixation
without preillumination. NaH"COj; solution (0.7
mM) was added in the dark immediately after
turning off the light or after 20 min of continuous
darkness.

0, @, total activity; [ ], ll, 80% methanol-soluble
fraction; A, A, 80% methanol-insoluble fraction.

Time courses of dark “CO, fixation by preillu-
minaled and non-preilluminated cells

The incorporation of MC in the non-
preilluminated cells proceeded almost lin-
early with time and the rate of dark CO,
fixation was only 19, of that of photosyn-
thesis (Fig. 5). Incorporation of “*C dur-
ing 10-min dark CO, fixation was 409,
larger in amount in the preilluminated cells
than that in non-preilluminated ones (Fig.
5).

Time courses of *C incorporation in the
individual products during dark “CO,
fixation with and without preillumination
are shown in Figs 6 and 7. Aspartate and
glutamate were the major products of dark
“CO, fixation with or without preillumina-
tion. On the other hand, most of “C was
incorporated into PGA immediately after
the addition of *CO, to the preilluminated
cells, but it decreased rapidly during the
rest of the time periods. The percentages
of #C incorporations into aspartate and glu-
tamate increased initially with time in either
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Fig.6. Percentage distribution of C incorpo-
rated into individual products versus time of dark
1CO,-fixation after 10-min preillumination. Data
are from the experiment described in Fig. 5. O,
PGA +-sugar phosphates; V/, alanine; A, aspartate;
V, glutamate; <, glutamine; [], total organic
acids.
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dark CO,-fixation without preillumination. Data
are from the experiment described in Fig. 5. ¢,
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see legend for Fig. 6.
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Fig. 8. Effect of oxygen concentration on the
distribution of “C in the 80% methanol-soluble
and -insoluble fractions in Heterosigma akashiwo cells.
The rate was calculated from the amount of 14C
fixed for 5 min at 23°C. Light intensity and
NaHCO; concentration were 250 W-m~2 and 0.7
mM, respectively. @, total activity; ll, 80%
methanol-soluble fraction; A, 80% methanol-in-
soluble fraction.
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preillumination or non-preillumination, but
it decreased gradually thereafter, while
those into other several amino acids, though
they were small in amount, tend to increase
slightly (Fig. 7).

Effect of oxygen on the photosynthetic CO, fixa-
tion

The effect of O, concentration on the rate
of photosynthetic *CO, fixation was deter-
mined at a high light intensity (250 W-m™).
As shown in Fig. 8, the highest rate was
obtained under 29, O,. Increase in the O,
concentration above 29, caused decrease in
the rate of photoysnthesis. The rate under
1009, O, was 309, lower that under 2%,
O,. Under anaerobic condition, the rate
of photosynthesis was inhibited to about
109, of that under 2%, O,. Since a con-
siderably large amount of “C was fixed
under this concentration of O, in the 809,
methanol-soluble fraction, some amount of
O, seemed absolutely to favor *C-incorpora-
tion into this fraction.

Fig. 9 shows the effect of O, concentration
on the distribution of “C in the products of
5-min photosynthetic *CO, fixation. The
amount of *C in 80%, methanol-soluble 3-
1,3-glucans, was predominantly influenced
by the O, concentration. Although the
amounts of ®C in glycolate, glycine and
serine increased with increasing O, concen-
tration, they were very small under O, con-
centrations up to 219, and that in glycolate
was only 49, of the total “C fixed even
under 1009, O,. These results suggest that
photorespiration occurs during photosynthe-
sis at O, concentrations higher than 219 at
saturating NaHCO, concentration (0.7
mM), but its inhibitory contribution to
the photosynthesis is not very high.

Discussion

Detailed studies on the metabolic path-
ways of CO, fixation have not been made
in raphidophycean algae including Hetero-
sigma akashiwo, although numerous contri-
butions have dealt with the ecological and

physiological features of this alga and
Olisthodiscus, a species having been identi-
fied later as Heterosigma. The data ob-
tained in the present experiments suggest
that H. akashiwo probably fixed CO, via
the convensional C, pathway because PGA
was the main primary product formed pho-
tosynthetically, and the label of PGA was
subsequently transferred to other com-
pounds as in the manner typical of G,
plants, while G, acids comprised only minor
part of the labeled compounds (Fig. 4).
The main storage products of this photo-
synthetic process are 80%, methanol-soluble
£-1,3-glucans of yet unidentified size.

BioweLL (1957) reported that Olisthodis-
cus sp. accumulated ahout 359, of total “C
into mannitol and about 109, into an al-
cohol-insoluble glucan after 12 hr of photo-
synthesis in the presence of H*COj7, and
he concluded that mannitol is the main
product of photosynthesis in the alga. On
the other hand, HerreBust (1965) has
shown that Olisthodiscus sp. cells excreted
about 109, of *C photoassimilates as man-
nitol in the log phase of growth during 48
hr of alternate 12-hr light and dark periods
and it increased to more than 509, during
the stationary growth phase.

In the present experiments, however, the
percentage of “C in mannitol attained a
maximum stationary level (4%,) after 2 min
of photosynthesis (Fig. 4). And the amount
of “C-mannitol excreted was only 1.5, of
the total C fixed in the cells after 5 min of
photosynthesis (data not shown). The per-
centage of radioactivity incorporated into
mannitol differed depending on the culture
condition. More than 209, of “¥C was in-
corporated into mannitol when the cells
were cultured without aeration. Thus the
accumulation of mannitol would seem to
depend upon physiological and environ-
mental parameters. These results suggest
that mannitol may function in part as an
osmotic regulation substance in H. akashiwo
as reported in prasinophycean algae (AsHi-
No-Fuse and Ixkawa 1981, HeLLEBUST 1976,
Kirst 1975).



CO:; fixation in Helerosigma akashiwo 209

On the other hand, most of the “C was
found in the 809, methanol-soluble f-1,3-
glucans, which contained over 569, of the
total *C fixed in the cells after 5 min of
photosynthesis (Fig. 4), while the amount
of C fixed in the 809, methanol-insoluble
B-1,3-glucan and lipids, which were con-
sidered to be storage products in diatoms
and brown algae (Craicie 1974, Hanpa
1969, HorpswortH and CoLBeck 1976,
KRrREMER and Berks 1978, YamacucHI et
al. 1968), was relatively small in amount
in comparison with that fixed in the 809,
methanol-soluble A-1,3-glucans. Further-
more radioactivity in the 809, methanol-
soluble glucans in H. akashiwo was marked-
ly decreased during the chase period in the
dark (data not shown). It is postulated
from these facts that the 809, methanol-
soluble A-1,3-glucans are the major storage
product of photosynthesis in H. akashiwo.

Enhancement of dark CO, fixation after
preillumination in the absence of CO, has
been observed both in higher plants and in
algae (Mivacur 1979). Analysis of “CO,
fixation products revealed that the main
initial product was PGA in C; plants
whereas it was malate and aspartate in C,
plants, and the percentage of radioactivity
incorparated in the initial #CO, fixation
products continued to decrease rapidly
during the rest of time periods (MivacHI
1979). Light-enhanced dark CO, fixation
was also observed in H. akashiwo (Fig. 5),
although the extent of the enhancement in
this alga was smaller than those in Chlorella
and Anacystis (HoceTsu and Mivachr 1970,
MivacHar 1979).  Distribution of radioactiv-
ity incorporated in the initial *C fixation
product during light-enhanced dark “CO,
fixation (Fig. 6) was considerably different
from those during dark “CO, fixation with-
out preillumination (Fig. 7). About 769,
of the total “C incorporated was found in
PGA after 15 sec of light-enhanced dark
“CO, fixation, but the radioactivity de-
creased rapidly during the rest of the time
periods. The pattern of ™C fixation pro-
ducts during light-enhanced dark “CO,

fixation is consistent with those in C; plants
(MivacHr 1979). These result also suggest
that H. akashiwo is a G, plant.

Photosynthesis in terrestrial C; plants is
inhibited considerably by oxygen even
under ambient air conditions (21% O,,
0.039%, CO,). The inhibition is mainly as-
sociated with photorespiration derived from
oxygenase activity of RuBP carboxylase/
oxygenase (BEck 1979).

Oxygen inhibition of photosynthesis has
been also observed in many species of vari-
ous algal divisions (WarBUrG 1920, GaF-
FRON 1940, Tamrva and Huzisice 1949,
BEarRDALL and Morris 1975, CoLEMAN
and Corman 1980, KremMeEr 1980, SHELP
and CanviN 1980, BIRMINGHAM el al. 1982).
Other algae, on the other hand, seem to
exhibit a different photosynthetic response
to O,. Little or no effect of O, on photo-
synthesis was reported in several algae
(Lroyp et al. 1977, CoLEMAN and CoLMAN
1980, BEer and Israer 1986). Further-
more, oxygen enhancement of photosyn-
thetic *CO, fixation has been observed in
the blue-green alga Anacystis nidulans (M1ya-
cHr and OkaBE 1976), and in the crypto-
phycean alga Chroomonas sp. (Suzuki and
Ixawa 1984a, b and 1985).

In H. akashiwo cells, the pattern of photo-
synthetic “CO, fixation closely resemble
those of C, plants (Fig. 4). However, the
effect of O, on photosynthesis in H. akashiwo
cells seems to differ from that in terrestrial
C, plants. Photosynthetic “CO, fixation
was inhibited by anaerobiosis as well as
high concentrations of O,, and the highest
rate of CO, fixation was obtained under
2% O, (Fig. 7). The percent radioac-
tivity incorporated into the intermediates
of the photorespiratory pathway, such as
glycolate, glycine and serine, was almost
negligible at concentrations up to 219,
and very small even under 1009, O, (Fig.
8). These results were consistent with those
in Chroomonas (Suzukr and Ixkawa 1985).

The lack of inhibition of photosynthesis
at high light intensity (Fig. 1), low sensitiv-
ity to O, (Fig. 7), and relatively high af-
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finity to inorganic carbon (Fig. 2) may be
important features to cause a bloom in
natural waters.
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Effect of nitrogen starvation on photosynthetic carbon metabolism
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Takanasui, K. and Ikawa, T. 1988. Effect of nitrogen starvation on photosynthetic carbon me-
tabolism in Heterosigma akashiwo (Raphidophyceae). Jpn. J. Phycol. 36: 212-220.

The distribution patterns of G during photosynthetic 14CO; fixation were studied in nitrogen-
enriched and -limited cells of the marine raphidophycean flagellate Heterosigma akashiwo. In addition,
pulse-chase experiments were conducted under light and dark conditions. The initial products of
photosynthetic CO; fixation was 3-phosphoglycerate in cells of both groups. In nitrogen-enriched
cells about 45% of the total fixed *C was incorporated into 80% methanol-soluble £-1,3-glucans,
which gradually increased during the chase in the light but decreased rapidly in the dark. In nitrogen-
starved cells, on the other hand, 40% of the fixed 4C was incorporated into the soluble §-1,3-glucans,
which decreased rapidly during the chase in the light as well as in the dark. The “C in mannitol
attained a maximum stationary level (below 7%) in cells from both groups after 2 minutes of photo-
synthesis. These results suggest that the main storage product of photosynthetic CO, fixation in
both nutrient conditions may not be mannitol, but the 80% methanolsoluble -1,3-glucans.

The nitrogen starvation leads to the activation of catabolic metabolism or dark respiration and
to the depression of photosynthetic CO; fixation.

Key Index Words: Carbon metabolism—¥Heterosigma akashiwo (Raphidophyceae)—f-1,3-Glucan—
Mannitol— Nitrogen starvation—Olisthodiscus luteus— Photosynthesis—Photosynthetic CO, fixation—

Storage product.

The marine raphidophycean flagellate
Heterosigma  akashiwo (Hada) Hada (for-
merly called Olisthodiscus luteus, HARA et
al., 1985) is the organism which causes
extensive ‘“‘red tide” bloom during the
summer in the temperate coastal waters of
Japan. There are a number of studies on
the ecology and physiology of this alga
(Fukazawa et al., 1980; Hatano et al.,
1983; Takauasur and Fukazawa, 1982;
Tomas, 1979, 1980; WaApA et al., 1985;
WATANABE et al., 1982). These studies
have shown that this alga exhibited diurnal
vertical migration similar to other red tide
dinoflagellates, such as Gonyaulax (EpPLEY

This work was supported in part by Grants-in-Aid
for Scientific Research from the Ministry of Educa-
tion, Science and Culture of Japan (59390002,
60040062, 62304006) and grant from the Nissan
Science Foundation.

et al., 1968) and Gymnodinium (CULLEN and
Horrican, 1981) swimming down-ward be-
fore the start of the dark period and upward
before the end of the dark period. Taxa-
HasHI and Fukazawa (1982) and YamocH!
and ABE (1984) suggested that this migra-
tion is favorable for their growth, as it al-
lows them to absorb necessary nutrients
such as nitrogen, Mn and vitamin B,, at
the nutrients-rich bottom layer during the
night and carry out photosynthesis effec-
tively near the surface during the daytime,
consuming the nutrients absorbed. Fur-
thermore, HaTano ef al. (1983) reported
that nitrogen-starved cells of H. akashiwo
showed no vertical migration, but that
after the addition of a nitrogen source such
as nitrate and ammonia, they recovered
their migratory ability. Little is known,
however, about the changes in photosyn-
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thetic carbon metabolism that accompany
nitrogen starvation in this alga.

In the previous paper (TakamAsHI and
Ikawa, 1988) we have shown the charac-
teristics of photosynthesis and carbon me-
tabolism in nitrogen-enriched culture cells
of this alga. In the present paper we
studied the effect of nitrogen starvation on
photosynthetic carbon metabolism and the
activity of dark respiration in H. akashiwo.

Materials and Methods

Algal culture

Heterosigma  akashiwo cells were grown
axenically in N-enriched or N-limited cul-
ture media at 18°C with a 12-hr light and
12-hr dark cycle. For N-enriched culture
conditions, PES medium (Provasor: 1968)
was used, together with Jamarine S artificial
seawater at 18% salinity and enriched with
2.35 mM NaNO, and 0.28 mM Na,HPO,.
For the N-limited culture conditions, the
alga was grown in modified PES medium
which contained only 19 of the full-
strength concentration of NaNO, (25 uM).
The pH of the medium was adjusted to 8.0
with KOH. Illumination was provided by
cool-white fluorescent tubes at an intensity
of about 12 W-m™2 at flask level. Cultures
were bubbled continuously with filtered air
without supplementary CO,.

Cells in the late exponential phase of
growth (6-7 days old) were harvested as
previously described (Takanasur and Ikawa
1988).

Photosynthetic *CO, fixation

Photosynthetic “CO, fixation was car-
ried out using 6m! of algal suspension
placed in a spitz type test tube at 23°C,
and bubbled with CO,-free air from a long
hypodermic needle at a flow rate of 120
ml-min~' throughout the period of preil-
lumination and subsequent photosynthetic
“CQ, fixation. The tube was illuminated
from one side at 200 W-m™2 with a halogen
lamp. After 10-min preillumination, *CO,
fixation was started by injecting NaH"CO,

and stopped with methanol as previously
described (TakanasHI and Ikawa 1988).

Pulse-chase labelling experiments

For pulse-chase labelling experiments, 6
m! of algal suspension was placed in a test
tube. After a 5-min photosynthesis period
in medium containing NaH*CQO, (0.7 mM
initial concentration) according to the
method described above, NaH“COQ, (10
mM final concentration) was added to the
reaction tube, and the reaction was succes-
sively carried out in the light or in the dark.
At intervals, 0.5-m! aliquots of the reaction
mixture were removed with a micropipette
and the reaction was stopped with metha-
nol. The amount of ®C was determined
using a liquid scintillation spectrometer.
Other details were described previously
(Takanasur and Ikawa 1988).

Determination of chlorophyll a

Chlorophyll a was measured spectropho-
tometrically in methanol extracts as des-
cribed by Iwamura et al. (1970).

Measurement of cellular oxygen consumption

The rate of cellular oxygen consumption
was measured polarographically using a
Clark-type oxygen electrode (Yellow Spring
Instrument Co.) fitted to a 2-m! acryl cell
thermostated at 25°C. Assuming the oxy-
gen concentration of air-saturated water to
be 0.26 ymol O,-ml™! at 25°C, calibration
was performed using dithionite and air-
saturated water (DELLIEU and WALKER
1972).

Results

Time courses of photosynihetic *CO, fixation

The total amount of photosynthetic *CO,
fixation products increased linearly for 5
min in cells from both N-enriched and N-
depleted cultures (Fig. 1). In N-starved
cells the rate of photosynthetic *CO, fixa-
tion was about 20%, lower than that in N-
enriched cells. However, the level of “C
in the 809, methanol-insoluble fraction was
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Fig. 1. Time courses of 14C incorporation into
809, methanol-soluble and -insoluble fractions dur-
ing photosynthetic CO, fixation in N-enriched
and N-starved cells of Heterosigma akashiwo. Solid
lines, total activity; dotted lines, 80% methanol-
soluble fraction; broken lines, 809 methanol-
insoluble fraction. Closed symbols, N-enriched
cells; open symbols, N-starved cells. Incubation
conditions were the same as described in the text.

little higher in N-starved cells than in N-
enriched cells. About 509, of “C in the
insoluble fraction was detected in glucose
after hydrolysis with A-1,3-glucanase (data
not shown). The result indicates that half
of the #C in this fraction was incorporated
into a A-1,3-glucan. Time courses of per-
centage distribution of “C in compounds
during photosynthetic “CO, fixation are
shown in Figs. 2A and B. Most of “C
fixed during the first 30 sec was found in
3-phosphoglycerate (PGA), and it decreas-
ed rapidly during the rest of the time period.
The labelling patterns of intermediates in-
dicate that photosynthetic CO, fixation in
H. akashiwo cells is mainly carried out
through the reductive pentose phosphate
cycle in both nutrient conditions.

In N-enriched cells, the percentage of
“C incorporated into 809, methanol-solu-
ble #-1,3-glucans increased to reach about
509, of total activity, while that into lipids
gradually increased to reach 159, after 5
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Fig. 2. Percentage distribution of C in in-

dividual products of photosynthetic ¥CO, fixation

versus time in N-enriched (A) and N-starved (B)

cells of H. akashiwo. Data are from the experiment

described in Fig. 1. Symbols: Ala, alanine; Asp,

aspartate; Gln, glutamine; Glu, glutamate; Gly+

Ser, glycine plus serine; Sugar-P, sugar phosphates.

min of photosynthesis (Fig. 2A). In N-
starved cells, on the other hand, the per-
centages of “C incorporated into these
fractions were lower than those in N-en-
riched cells, and these levels during the
initial 2 min of photosynthesis were half
those in N-enriched cells (Fig. 2B).

The percentage distribution of radio-
activity in mannitol attained a maximum
stationary level in both groups of cells after
2 min of photosynthesis (4% and 79, in
N-enriched and N-starved cells, respective-
ly). This figure also shows that the
amounts of ™C incorporated into amino
acids, in particular aspartate, glutamate
and glutamine, were much higher in N-
starved cells than in N-enriched cells. C-
Glycolate was detected in N-enriched cells,
although the amount was relatively small
under the experimental conditions we used
(bubbled with CO,-free air).

Pulse-chase experiments

After a 5-min photosynthetic *CO, fixa-
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Fig. 3. Changes in the distribution of “C in
total and 809, methanol-insoluble fractions in N-
enriched (A) and N-starved (B) cells during the
chase periods in the light and in the dark after a 5-
min ¥CO, pulse in the light. Experimental con-
ditions are described in the text. Open symbols,
chase in the light; closed symbols, chase in the dark.

tion (pulse), non-labelled bicarbonate was
added to the reaction mixture to reduce
the fixation of *CQ,, and labelled carbon
was chased in the light or in the dark.
Figures 3A and B show that the total
amounts of “C fixed in the cells became
relatively constant after 5 min of chasing
under all reaction conditions, while the
amount of "C incorporated into the 809,
methanol-insoluble fraction gradually in-
creased during the chase period.

Time courses of percentage distributions
of the radioactivity incorporated into indi-
vidual products during chasing in the light
and in the dark in N-enriched cells are
shown in Figs. 4A and B. The radioac-
tivity in PGA and sugar phosphates quickly
decreased during the chase. The pro-
nounced negative slope of the curve for
PGA and sugar phosphates indicated clear-
ly that PGA was the first product of CO,
fixation, and that the radioactivity appeared
later in f-1,3-glucans and the level of g-
1,3-glucans gradually decreased after 30

40
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Fig. 4. Changes in the distribution of radio-
activity among C-labeled compounds in the light
(A) and in the dark (B) in N-enriched H. akashiwo
cells during pulse-chase experiments after a 5-min
14CO; pulse in the light. Data are from the ex-
periment described in Fig. 3. Symbols: Total
insoluble, total radioactivity of 809 methanol-
insoluble fraction; others see legend for Fig. 2.

min in the light. The amount of label in
lipids increased initially and then fell to a
steady level (Fig. 4A). The level of 809,
methanol-insoluble fraction shows the re-
verse changes to the 809, methanol-soluble
pB-1,3-glucans. Under these conditions the
methanol-insoluble fraction contained a
small and relatively constant proportion
(ca 29,) of B-1,3-glucans except for early
20 min (Fig. 4A). The remaining “C-
methanol-insoluble fraction was not vyet
analyzed. On the other hand, when a
photosynthetic pulse was followed by cold
incubation in the dark, the percentage of
B-1,3-glucans decreased gradually with
chase time, whereas those of lipids, the
809, methanol-insoluble fraction and ami-
no acids (particularly glutamate, glutamine
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and aspartate) increased (Fig. 4B). The
level of mannitol remained constant in
both the light and the dark (Figs. 4A and
B).

In contrast, when the pulse-label was
chased at the same light intensity in N-
starved cells, the distribution of radio-
activity in individual compounds differed
from those in N-enriched cells (Figs. 5A
and B). After the pulse-label, the per-
centage of radioactivity in 809, methanol-
soluble 3-1,3-glucans decreased rapidly even
under light conditions, although the amount
of ¥C incorporated into this compound had
increased linearly during the 5-min photo-
synthetic pulse labelling period. Accom-
panying this drop were increases in the
radioactivities in the 809, methanol-in-
soluble fraction, lipids, amino acids (parti-
cularly glutamine and alanine) and un-
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Fig. 5. Changes in the distribution of radio-
activity among 4C-labeled compounds in the light
-(A) and in the dark (B) in N-starved H. akashiwo
cells during pulse-chase experiments after a 5-min
14CO; pulse in the light. Symbols are the same as
those of Fig. 4.

identified compounds (probably amino ac-
ids). Under these conditions, one-third of
the C in the 809, methanol-insoluble frac-
tion was detected in f-1,3-glucan. Also,
the label in organic acids such as citrate,
malate and succinate rose sharply and then
fell in the first 10 min of the chase (Fig. 5A).
Similar results were obtained when the
pulse-label was chased under the dark con-
ditions, but more pronounced changes in
the distribution of *C compounds were ob-
served under the experimental conditions
(Fig. 5B). The level in mannitol decreased
gradually with chase time, unlike the case
in N-enriched cells. These results suggest
that both photosynthesis and dark respira-
tion in H. akashiwo cells are considerably
affected by changes in the concentrations
of nitrate available to the cells.
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Fig. 6. Effects of nitrate on the rate of photo-
synthetic CO, fixation (A) and dark respiration (B)
in H akashiwo cells. N-enriched or N-starved cells
were collected by filtration, washed with sterile
N-free culture medium and resuspended in incub-
ation medium. N-enriched cells were incubated
in either N-enriched (2 mM NaNO;) (@) or N-
depleted (100 #uM NaNO;) (A) culture medium,
and N-starved cells were incubated in either N-de-
pleted (20 #uM) (O) or N-enriched (2 mM NaNOs)
(A\) culture medium for 4 hr in the light.
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Effect of nitrate concentration on the rates of
photosynthesis and dark respiration

The changes in the rates of photosynthe-
sis and dark respiration occurring when the
concentrations of nitrate in the culture
medium were changed are shown in Fig.
6. When the N-enriched cells were trans-
ferred to the N-depleted culture medium,
the rate of respiration of the cells was in-
creased two-fold, and the rate in N-starved
cells decreased to the level that in N-enrich-
ed cells within 4 hr after the transfer to N-
enriched conditions. On the other hand, a
reverse response was observed between the
change in the rate of photosynthesis and
that of the concentration of nitrate in the
culture medium.

Discussion

Photosynthetic CO, fixation

In the previous paper (TAkaHAsHI and
Ixawa 1988), we reported that Heterosigma
akashiwo probably fixes CO, via the con-
ventional C; carbon-reduction pathway and
the main storage product of photosynthesis
is the 809, methanol-soluble £-1,3-glucans.
Furthermore, we suggest that the mannitol
is second to B-1,3-glucans in importance as
the reserve substance, in disagreement to
BioweLr (1957) who had reported the
former to be the main product of photo-
synthesis.

These ideas are supported by the pulse-
chase experiment in the present study. The
percentage cf “C in mannitol attained a
maximum stationary level (49,) in N-en-
riched cells after 2 min of photosynthesis
(Fig. 2) and did not change during a 60-
min chase period either in light or in dark
conditions (Figs. 4A and B). On the other
hand, more than 459%, of the fixed “C was
recovered in the 809, methanol-soluble A-
1,3-glucans after 5 min of photosynthesis
(Fig. 2A), and this percentage exceeded
609% during the chase period in the light
in N-enriched cells (Fig. 4A). The radio-
activity markedly decreased during the
chase period in the dark (Fig. 4B). In

chrysophycean and phaeophycean algae 80
% methanol insoluble #-1,3-glucan and
lipids are considered to be reserve sub-
stances (CrRAIGIE 1974, Hanpa 1969, HoLp-
sworTH and CorLBeEck 1976, KREMER and
Berks 1978, YamacucHi e al. 1968).
However, percentage distribution of *C
in these substances were relatively smaller
than those in the 809, methanol-soluble g-
1,3-glucans in H. akashiwo (Figs 4A and B).
These facts suggest that the 809, methanol-
soluble #-1,3-glucans are the major storage
product of photosynthesis in H. akashiwo.

Effect of nitrogen starvation on the photosynthetic
carbon metabolism and dark respiration

When H. akashiwo cells were cultured in
N-depleted medium, the rate of photosyn-
thetic CO, fixation was reduced by 809,
(Fig. 1). Accompanying this, ribulose 1,5-
bisphosphate carboxylase activity and chlo-
rophyll contents in extracts of N-starved
cells decreased to 809, and 679, respective-
ly (data not shown). Thus the decrease of
photosynthetic capacity may occur as a con-
sequence of a decrease in the contents of
chlorophylls and ribulose 1,5-bisphosphate
carboxylase, as shown in Ankistrodesmus
braunii (HipkiN and Syrert 1977), and
Oscillatoria rubescens (FEUILLADE et al. 1982).
During short-term photosynthesis in the
marine diatom Phacodactylum tricornutum,
GLOVER et al. (1975) showed that more
than 509, of fixed “C was incorporated
into amino acids such as glycine, serine,
alanine, asparagine and glutamine, and N-
starvation reduced the proportion incor-
porated into asparagine and glutamine to
almost undetectable levels, although it had
little effect on the proportion of “C of the
total amino acids. N-starvation also de-
creased the relative synthesis of sugar
phosphate and increased the proportion of
“C assimilated into intermediates of the
tricarboxylic acid cycle. On the other
hand, FEUILLADE et al. (1982) reported that
N-starvation caused a significant qualitative
change in the distribution of short-term
photosynthetic *CO, fixation of the cya-
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nophyte O. rubescens. In unstarved O.
rubescens cells all of the “C fixed in a 2-sec
period of photosynthesis was found in 3-
phosphoglycerate, whereas in N-starved
cells most of the fixed “C was found in
aspartate (up to 419%) and malate as is
the case of an aspartate-C, plant.

However, N-starved H. akashiwo cells
showed a similar labelling pattern in short-
term photosynthesis to N-enriched ones,
although in N-starved cells the amounts
of radioactivity incorporated into amino
acids and organic acids were enhanced
with the accompanied decrease in f-1,3-
glucans (Fig. 2A and B). The most sig-
nificant difference was observed in the dis-
tribution of radioactivity in 809, methanol-
soluble A-1,3-glucans in the N-starved cells
when the pulse-label was chased under
light conditions (Fig. 5A). The percentage
of radioactivity in the glucans decreased
rapidly and those in organic acids such as
citrate, malate and succinate, and in amino
acids increased during the chase period
(Fig. 5A). The distribution pattern of
“¥C in N-starved cells during the light-
chased period looks similar to that in dark-
chased N-enriched cells (Fig. 4B) and N-
starved cells (Fig. 5B). These results su-
ggest that nitrogen deficiency leads to the
activation of catabolic metabolism or dark
respiration in H. akashiwo cells. This as-
sumption was supported by the results
shown in Fig. 6B. During the four hours
of nitrogen starvation, the rate of dark
respiration in N-enriched cells showed a
two-fold increase, while the rate of photo-
synthetic CO, fixation reduced to 759, of
that obtained at zero time. :

The results of this study, although reflect-
ing the consequences of a special set of con-
ditions (nitrate enrichment and starvation),
may provide clues to the normal physiolo-
gical regulation of the carbon metabolism in
H. akashiwo undergoing diurnal vertical
migration in the laboratory, swimming up-
ward before the end of the dark period and
downward in the middle of the day when
nitrate was present in the culture medium,

but accumulated at the bottom of the flask
throughout the day when nitrate was de-
pleted.

In preliminary experiments that we have
conducted, the activity of nitrate reductase
in this alga showed diurnal variation, in-
creasing before the end of the dark period
and decreasing in the middle of the day.
N-starvation in the cells of H. akashiwo may
thus be a fairly common occurrence in na-
ture when the external supply of nitrate is
not adequate at the surface of a natural
body of water and when the activity of
nitrate reductase in the cells is reduced to
a low level, even when the external nitrate
supply is adequate.

These results suggest that some product(s)
of nitrogen assimilation may play an im-
portant role in the regulation of vertical
migration in H. akashiwo cells, although
other mechanisms, such as geotaxis and
phototaxis, may be operating at the same
time.
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Sub-ice microalgal strands in the Antarctic coastal
fast ice area near Syowa Station
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Wartanasg, K. 1988. Sub-ice microalgal strands in the Antarctic coastal fast ice area near Syowa
Station. Jpn. J. Phycol. 36: 221-229.

Sub-ice microalgal strands, collected in the fast ice area near Syowa Station, Antarctica, are
reported and described floristically. In mid-July, no strands were seen on the bottom of the ice.
Strands 10-15 cm in length were observed hanging from the sea ice in early November which grew
up to 50-60 cm in early December. The strands were mainly pennate diatoms, especially those that
form long colonies, including Amphiprora kufferathii, Berkeleya rutilans, Nitzschia lecointei, Nitzschia stellata,
Nitzschia turgiduloides, and several species of Nitzschia in a section Fragiraliopsis with a small abundance
of a solitary cell species of Navicula glaciei. Cluster analysis performed on samples collected from a 10m
long sweep with a net under the ice suggests that the seasonal succession of the organisms composing

strands from November to December was not significant.

Key Index Words: Antarctic—coastal fast ice—ice algae—ice diving—microalgal strands—sub-ice

assemblage—Syowa Station.

Many types of ice algal assemblages have
been reported from various sea ice areas
(Horner 1985). Among them, reports on
a sub-ice assemblage, attached to the under-
side of the ice, forming strand colonies and
extending into the water column, seem to
be limited to those by Cross (1982) from
the Canadian Arctic, by SuLLIVAN et al.
(1982) from McMurdo Sound, by Sasaxi
and WAaTANABE (1984) from Litzow-Holm
Bay and by McCoNvILLE et al. (1985) from
near Davis Station. The loss of this type
of assemblage from core samples is likely to
be the reason why it has been reported so
rarely.

To investigate the sub-ice assemblage in
the coastal fast ice area near Syowa Station
(69°00’S, 39°35'E), underwater observa-
tions and collections were made, and the
results of a floristic study of the sub-ice
microalgal assemblage in November and
December 1983 are described in this paper.

Materials and Methods

Under-ice diving was carried out for ob-
servation and collection of the sub-ice as-
semblage on July 14, November 5 and De-
cember 9 and 12 1983 at the same site, where
the water was about 17 m deep, in Kita-no-
seto Strait near Syowa Station (Fig. 1).
The equipment employed in the SCUBA
diving was described earlier (WATANABE ef
al. 1982, 1986). Strands of ice algal as-
semblage (microalgal strands) hanging from
the undersurface of undisturbed sea ice
were collected on November 5 and De-
cember 9, using 50 ml plastic disposable
syringes and a hand net with five openings
arranged vertically (5 cm high X 20 cm wide
mouth with 100 um mesh net each). With
the syringe, microalgal strands (samples
Syr. 1 and 2 collected on November 5 and
Syr. 3-5 on December 9) were sampled at
several locations. The hand net was towed
horizontally for about 10 m beneath the sea
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Fig. 1. Map showing under ice observation and collection site in the fast ice area near

Syowa Station, 1983.

ice with the uppermost beam touching the
bottom of the sea ice. Three hand net
samples, H.N. 1, 2 and 3 in November and
H.N. 4, 5 and 6 in December were collected
from the microalgal strands in the layers of
0-5, 10-15 and 20-25 cm from the bottom
of the sea ice, respectively. Samples were
transported to a laboratory at Syowa Sta-
tion and fixed with a formalin and acetic
acid (1:1) mixture (HasLE 1978).

Species were identified using a JEOL T-
100 scanning electron microscope (SEM)
after being cleaned with distilled water or
concentrated HCl and KMnO, mixture
(SmMONSEN 1974), air dried and ion sputtered
with gold. Two subsamples were taken
from each sample to determine the relative
abundance of selected species. 1200-2300
intact cells were counted in water mounted
subsamples at a magnification of 400X or
200X, using a Nikon Diaphoto-TMD phase
contrast inverted microscope. Species com-
position on the basis of relative abundance
was compared between samples and Percent
Similarity Index (PSI) by WHITTAKER
(1952) was calculated as follows,

PSI(sample, ;) =2} minimum %
[species;(sample,, sample,,)],

where :=(1,2,...n species) in a comparison
of similarity between samples a and b.
Percent Similarity Index was applied for
cluster analysis and a dendrogram was
drawn representing the single-linkage
method.

Results and Discussion

No discoloration by ice algae was ob-
served at the bottom surface of the sea ice
around the diving hole on July 14 1983.
On a second dive, made on November 5,
microalgal strands were found hanging from
the bottom of the sea ice which was then
about 120 cm thick (Fig. 2). The length
of the strands was mostly less than 15 cm.
This agrees with the seasonal variation of
standing crop in the fast ice area at Stn.
I about 100 m away from the diving hole
where the spring increase of chlorophyll a
in the bottom layer of ice began in mid-
August (WATANABE and SaToH 1987). As
the strands were short, the amount of mi-
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Fig. 2. Under-water photograph of sub-ice microalgal strands hanging from the fast ice in Kita-no-

seto Strait near Syowa Station on November 5, 1983.

Fig. 3. Sub-ice microalgal strands extending about 50-60 cm into water column on December 12,

1983.

croalgae collected by the hand net from 20—
25 cm beneath the ice in November (H.N.
3) was much less than that of H.N.1 (0-5
cm) and H.N.2 (10-15 cm). These micro-
algal strands appeared slightly different in

their colony form and density on the ice
from those reported from near Davis (Figs.
2 and 3 in McConvILLE et al., 1985). On
November 5, strands were more densely dis-
tributed beneath a crack in the sea ice than
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elsewhere. This unevenness of algal abun-
dance was apparently due to the higher ir-
radiance penetrating through the crack.

The strands were found to be longer (up
to 50-60 cm) on December 9 and 12 (Fig.
3). The amount of microalgae in samples
H.N.4, 5 and 6 did not differ greatly. On
December 9, both short (Syr.3) and long
(Syr.4) microalgal strands and globular
colonies ca. 5 mm in diameter (Syr. 5), at-
tached to the bottom of the sea ice, were
collected from different locations. The
strands were so fragile that they were often
detached and broken by the water move-
ment or by air bubbles exhausted from a
diver. Therefore, it is presumed that the
growth of sub-ice microalgal strands re-
quires calm water. There were patches
where no microalgal strands were found.
This might reflect ice melting from the
bottom surface which correlates with a
marked decrease of ice algal standing crop
in the fast ice area near Syowa Station in
November and December (WATANABE and
SaTon, 1987).-

Most of the species appearing in the mi-
croalgal strand in this study were diatoms.
Of the eleven selected taxa on which rela-
tive abundance were determined, seven
formed colonies. The microalgal strands,
hanging into water column, would possibly
benefit zooplankton and micronekton which
feed on ice algae because they are more
easily accessible to grazers than microalgae
inside the sea ice.

Amphiprora kufferathii MANGIN and Nitz-
schia spp. in group 1 and group 2 formed a
ribbon-shaped colony (Figs. 4-7). Both
groups of Nitzschia spp. belong to a section
Fragilariopsis (HasLe 1972) forming similar

colony in a water mount, but were distin-
guished on the basis of the fact that the
former’s valve costae were coarse enough to
be seen in girdle view by light microscopy
(LM) at a magnification of 200X, whereas
the latter ones could hardly be seen at a
magnification of 400X. By SEM examina-
tion of cleaned samples, Nitzschia spp. in
group 1 and group 2 were found to include
at least N. obliquecostata (VAN HEURCK)
HasLe and N. sublineata HasLE, and N.
curta (VAN HEurck) HasLe and N. cylindrus
(Grunow) HasLE, respectively. Berkeleya
rutilans (TrRENTEPOHL) GrRUNOwW and Nitz-
schia lecointei VAN HEURCK formed a tubular
colony, in which cells were packed (Figs.
8-11). Sometimes, both species were found
in the same tube. B. rutilans was abundant
in the sub-ice assemblage of the coastal fast
ice area near Davis (McCoNvVILLE et al.
1985). HasLe (1964) reported that N.
lecointei occurred in great numbers in ice
samples and that its proper habitat seems
to be the under-surface of ice. Nitzschia
stellata MancuiN formed a stellate colony
(Fig. 12) and N. turgiduloides Hasle formed
short chains with cell ends overlapping (Fig.
13). N. turgiduloides has been reported to
be abundant in the samples from the under-
surface of pack-ice in the Atlantic Ocean
(HasLg, 1965). The only centric diatom
species Porosira pseudodenticulata (HUSTEDT)
Jousk, found, appeared in chains with valve
faces connected to each other (Figs. 14, 15).
It was the dominant species (96%,) in the
faintly colored bottom layer of sea ice 80 m
off Langhovde in Litzow-Holm Bay (Wa-
TANABE 1982). Three other species, Navi-
cula glaciei VAN HEURCK, Nitzschia closterium
(EurenBErG) W. SmitH and Pleurosigma

Figs. 4, 5. Amphiprora kufferathii. 4. Light micrograph (LM) showing the ribbon-shaped colony in
a water mount. 5. Scanning electron micrograph (SEM) of a valve.

Fig. 6. A ribbon-shaped colony of Nitzschia species in group | in a water mount (LM).

Fig. 7. A short fragment of a colony of Nitzchia species in group 2 in a water mount in the center c?f
this photograph (LM). Note that the valve costae cannot be seen in girdle view, while those of Nitzschia

species in group 1 in the right are recognizable.

Figs. 8,9. Berkeleya rutilans. 8. Tubular colony in a water mount (LM). 9. Transmission electron

micrograph (TEM) of a valve.

Figs. 10, 11.  Nitzschia lecointei. 10. Tubular colony fully packed with the cells in a water mount
(LM). 11.SEM of two cells. (Scale bar: 100 um for Figs. 4, 6, 7, 8 and 10; 10 zm for other figures.)
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Fig. 12.  Nitzschia stellata, forming characteristic stellate colonies in a water mount (LM).

Fig. 13.  Nitzschia turgiduloides, forming a chain-shaped colony in a water mount (LM).

Figs. 14, 15. Porosira pseudodenticulata. 14. Chain-shaped colonies in a water mount (LM). 15.
Valve view with a labiate process (large arrow) and strutted processes (small arrow) (SEM).

Figs. 16, 17.  Navicula glaciei. 16. Cells in a water mount (LM). 17. SEM.

Fig. 18.  Pleurosigma directum in a water mount (LM).
(Scale bar: 100 #m for Figs. 12, 13, 14 and 18; 10 zm for other figures.)
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directum Grunow appeared as solitary cells
(Figs. 16-18). Of these, N. glaciei was
found to be abundant in the coastal tide-
crack overflow region in Signy Is. (WHI-
TAKER, 1977) and in Ongulkalven Is. near
Syowa Station (WATANABE, unpublished),
and P. directum was dominant (739%,) in
ice-algal assemblage in the off Prince Olav
Coast as Pleurosigma sp. (WATANABE, 1982).

Species composition of the sub-ice sam-
ples are shown in Table 1. All samples

Table 1.

were dominated by pennate diatoms (94.1-
99.8%,). The dominant taxa which ap-
peared in more than 109, of samples were
Nitzschia lecointei, Amphiprora kufferathii, N.
stellata, Berkeleya rutilans, Navicula glacier,
Nitzaxhia turgiduloides and Nitzschia species
in group 1. The results of a cluster analy-
sis based on PSI (9%,), of the species com-
position of sub-ice samples are shown in
Fig. 19. The globular sub-ice colony found
on December 9 (Syr. 5), which was domi-

Relative abundance (%) of selected taxa in sub-ice assemblages collected in Kita-no-seto

Srait mear Syowa Station in 1983. Samples were collected with a syringe (Syr. samples) and with a hand

net (H.N. samples). See text for more details.

Sampling Date Nov. 5

Dec. 9

Species/Samples Syr.1 Syr.2 H.N.1 H.N.2 HN.3 Syr.3 Syr.4 Syr.5 H.N.4 H.N.5 H.N.6
Amphiprora kufferathii 66 114 134 125 132 2.5 47 450 11.6 162 20.1
Berkeleya rutilans 6.8 7.1 0.5 0.5 0.3 104 10.0 0.9 5.4 0 0
Navicula glaciei 0.7 11.5 17.8 163 4.7 1.2 4.9 2.8 6.3 15.0 16.6
Nitzschia closterium 0.5 0.6 0.8 0.4 0.2 2.0 1.3 2.6 2.2 1.4 1.7
N. lecointei 658 138 266 24.2 7.5 16.5 10.6 7.8 49.2 309 30.2
N. stellata 3.6 2.0 9.1 13.7 144 1.2 1.0 216 101 120 134
N. turgiduloides 45 107 0.6 1.8 1.1 11.0 3.4 0 0.3 0.6 0
N. spp. in group 1 23 354 100 213 53.7 35.0 429 5.9 7.7 4.0 4.6
N. spp. in group 2 1.1 0.8 0.1 0 1.4 1.1 3.4 0.1 0.7 1.8 0
Pleurosigma directum 1.9 0.3 0.7 0.2 0.3 0.1 0 5.5 0.3 0.9 0.7
Porosira pseudodenticulata 0.3 1.7 0.3 0.2 0.3 5.7 0.8 0 0.2 0.3 0.1
Pennales 99.5 983 99.7 99.7 99.7 94.1 988 99.1 99.8 99.6 99.4
Centrales 0.3 1.7 0.3 0.3 0.3 5.9 1.2 0.1 0.2 0.3 0.1

Sample Percent Similarity Index (%)
100 90 80 70 60 50
r LI v 1 ] T
yr. ]

B

I——’_ B

Fig. 19. A dendrogram showing the results of cluster analysis based on Percent Similarity Index

(PSI) of the species composition of sub-ice samples.
and with a hand net (H.N. samples).
3-5 and H.N. 4-6 on December 9.

Samples were collected with a syringe (Syr. samples)
Syr. 1 and 2 and H.N. 1-3 were collected on November 5 and Syr.
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nated by A. kufferathii and N. stellata, has
least similarity to others. However, sam-
ples from long and short strands collected
on December 9 (Syr. 4 and Syr. 5, respec-
tively) did not differ greatly (PSI=66.99%,).
They were dominated by Nitzschia species
in group 1, N. lecointes and Berkeleya rutilans.
As the hand net was towed for 10 m, sam-
ples collected by it represent averaged spe-
cies composition in the area swept. Among
hand net samples, H.N.5 and 6 collected on
December 9 and H.N. 1 and 2 collected on
November 5 had a high PSI; 79.6 and
74.0%, respectively. Nitzschia lecointei,
Navicula glaciei, Amphiprora kufferathic and
Nitzschia stellata dominated. H.N.3 sample
had least similarity to other hand net
samples. It contained Nitzschia species in
group 1, N. stellata and A. kufferathii.
These taxa which make long tubular or
stellate colonies, may play an important
role in forming long microalgal strands at
an early stage of their development.
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SuriNnGar (Nemaliales, Rhodophyta)
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Masupa, M. and Horiwcar, K. 1988. Additional notes on the life history of Nemalion vermiculare
SuriNGaR (Nemaliales, Rhodophyta). Jpn. J. Phycol. 36: 231-236.

Further investigations into the life history of the red alga Nemalion vermiculare SURINGAR were
conducted at Oshoro Bay on the west coast of Hokkaido. The appearance, abundance and size of
the upright gametophytes were related to tidal height and the degree of wave exposure. During the
autumn and winter months, acrochaetioid filaments were found growing on barnacles on which N.
vermiculare gametophytes grew in the summer. Sterile fragments of these filaments cultured in labora-
tory formed tetrasporangia under a short day regime at 20°C. Tetraspores germinated to produce a
filamentous prostrate system with upright, multiaxial, terete axes that were similar to young plants of
field-collected N. vermiculare gametophytes.

Key Index Words:  filamentous tetrasporophyte—life history— Nemaliales—Nemalion—N. vermiculare

—Rhodophyta.

Culture studies have demonstrated that
the life history of Nemalion vermiculare
SurinGgar (Nemaliales, Rhodophyta) com-
prises the alternation of a multiaxial, up-
right gametophyte with an acrochaetioid
tetrasporophyte (Umezakr 1967, Masupa
and UmMezaki 1977), as has been shown in
other species in this genus (Fries 1967,
1969, CHEN et al. 1978). However, the
tetrasporophyte has never been observed in
nature. In this paper, we report the occur-
rence of the tetrasporophyte in nature and
present culture studies that confirm it as a
phase in the life history of N. wvermiculare.
We relate patterns in the growth and re-
production of the gametophyte to its en-
vironment.

Materials and Methods

Twelve survey sites were established at
Oshoro Bay (43°13'N, 140°51'E) on the
west coast of Hokkaido (Fig. 1) and field

* Present address: Shirakami Elementary School,
Matsumae, Hokkaido 049-15.

observations and samplings were made
twice a month from May 1986 to October
1986 and monthly from November 1986 to
February 1987. These sites were selected
to represent the diverse habitats of Nemalion
vermiculare at Oshoro Bay: (1) A, C, G and
L, below the low watermark and fully wave-
exposed; (2) J, near the low watermark
and moderately wave-exposed; (3) B, E, H
and K, above the low watermark and in
shallow tide pools made by large, breaking
waves; and (4) D, F and I, above the low
watermark and sheltered from wave action.
Gametophytes, when present, and several
substrates such as barnacles (Semibalanus
cariosus and Chthamalus challengeri), mussels
(Mptilus edulis and Septifer virgatus), peren-
nial algae (Sargassum thunbergii, Carpopeltis
affinis and Chondrus pinnulatus) and rock frag-
ments were collected.

Culture experiments were conducted with
carpospores of Nemalion vermiculare and ex-
cised filaments of the putative tetrasporo-
phytes. These were cultured according to
methods similar to those described earlier
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Fig. 1. Map of Oshoro Bay, showing twelve study sites.

(Masupa and Uwmezakr 1977). The tem-
peratures and photoperiods were regulated
as follows: 5°Ci, 16:8 h LD (light and dark
cycle); 5°C, 8:16 h LD; 10°C, 16:8 h LD;
10°C, 8:16 h LD; 15°C, 16:8 h LD; 15°C,
8:16 h LD; 20°C, 16:8 h LD; and 20°C,
8:16 h LD. The following materials were
used for culture experiments: gametophytes
collected on August 15, 1986 at site C and
on August 28, 1986 at site II; and tetra-
sporophytes collected on October 25, 1986
and on November 25, 1986 at site B.
Voucher specimens are deposited in the
Herbarium of Faculty of Science, Hokkaido
University, Sapporo (SAP 051052-051063).

Results

Phenology of upright gametophytes

Upright gametophytes (Fig. 2), less than
Il mm long, appeared in early May at all
sites except the sheltered sites D, F and 1T,

where they appeared about one month
later. These young upright thalli were
superficially similar to young plants of

48
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Fig. 2. Young upright thallus of Nemalion
vermiculare collected at site C on May 9, 1986.
Fig. 3. Young plant of Gloiopeltis furcata collected
at site C on May 9, 1986. Scale in Fig. 3 applies
also to Fig. 2.
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Gloiopeltis  furcata (Fig. 3), but Nemalion
thalli could be distinguished from the latter
by their soft, mucilaginous texture and
rounded apices.

Upright thalli grew rapidly and reached
maximum lengths during July and August.
The number of Nemalion plants varied ac-
cording to survey sites. The Nemalion
plants grew abundantly at fully wave-ex-
posed sites A, C, G and L, whereas they
were less frequent at other sites. The size
of upright thalli also varied according to
site (Figs. 4, 5). The maximum length of
thalli growing at fully wave-exposed sites
was 56 cm (Fig. 5) and ten times longer
than that of plants growing in shallow tide
pools (Fig. 4). Plants characteristic of
wave-exposed sites were thick and dark red

a4 5

Tcm

in color.

Reproductive structures were not found
on upright thalli collected in May. In
mid-June, plants proved to be monoecious
gametophytes, bearing both spermatangia
and carpogonia near their apices. In late

June, cystocarps developed at the apices

while spermatangia and carpogonia con-
tinued to be produced basipetally. Assim-
ilatory filaments constituting the cortices
of fertile areas disintegrated after carpospore
discharge, leaving axial filaments that also
eventually eroded. Although plants de-
clined in length as the season progressed,
cystocarps continued to develop in proximal
portions. In late October through Novem-
ber, plants only I cm in length (Fig. 6)
formed cystocarps near their holdfasts.

3

Figs. 4-6. Upright gametophytes of Nemalion vermiculare: 4, mature plant growing in a shallow tide
pool (site K) and collected on July 29, 1986; 5, mature plant growing at a fully wave-exposed place (site
L) and collected on July 29, 1986; 6, old plants growing at a fully wave-exposed place (site C) and collected
on October 25, 1986. Scale in Fig. 4 applies also to Figs. 5 and 6.
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Culture experiments with carpospores

Isolated carpospores, 12.5-17.5 ym in
diameter, were incubated under the full
range of culture conditions described in
Materials and Methods. They germinated
and grew into acrochaetioid plants under
all conditions. The plants formed tetra-
sporangia in a manner similar to that re-
ported for N. wvermiculare from Muroran
(Masupa and Uwmezakr 1977). Plants
grown at 20°C, 8:16 h LD began to form
tetrasporangia 12 days after inoculation,
those grown at 15°C, 8:16 h LD formed
tetrasporangia 14 days after inoculation,
those grown at 10°C, 8:16 h LD 35 days
after inoculation and those grown at 5°C,
8:16 h LD 70 days after inoculation. Lib-
erated tetraspores were 12.5-17.5 um in
diameter. Large monospores, which were
reported for N. wvermiculare from Muroran
(Masuba and UwmEezakr 1977), were not
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observed. Plants grown under long day
regimes did not produce tetrasporangia at
any of the experimental temperatures.

Naturally occurring tetrasporophyles

Substrates (listed in Materials and Meth-
ods) were collected at the survey sites and
examined under a dissecting microscope in
the laboratory. From October 1986 to
February 1987, sterile filaments of an acro-
chaetioid alga resembling the cultured tet-
rasporophyte of Nemalion vermiculare (Masu-
pa and Umezakr 1977) were found in the
grooves between the longitudinal ribs of
barnacle plates (Fig. 7). Excised filaments
were cultured at 20°C, 16: 8 h LD for 2
weeks, and transferred to 20°C, 8:16 h LD
to induce tetrasporogenesis. After 2 weeks,
filaments began to produce sessile tetraspo-
rangia laterally in a plane perpendicular
to the parent axis (Figs. 8, 9). Liberated
tetraspores were 12.5-17.5 ym in diameter

9 10
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Fig. 7. Acrochaetioid alga collected at site B on October 25, 1986 and used for culture experiments
[microphotographed from a specimen stained with 0.5%, (w/v) cotton blue in a lactic acid/phenol/glycerol/
water (l:1:1:1) solution]. Figs. 8, 9. Cultured fertile tetrasporophyte of Nemalion vermiculare derived
from the acrochaetioid alga shown in Fig. 7. Fig. 10. Two tetraspores released from the plant shown
in Figs. 8 and 9. Scale in Fig. 10 applies also to Figs. 7 to 9.
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Figs. 11, 12.  Twenty-one-day-old gametophytes of Nemalion vermiculare derived from tetraspores from
the plant shown in Figs. 8 and 9: 11, grown at 15°C, 16:8 h LD and bearing an upright thallus primordium;
12, grown at 15°C, 8:16 h LD. Scale in Fig. 11 applies also to Fig. 12.

(Fig. 10).
served.
Laboratory-induced

Large monospores were not ob-

tetraspores  from
field-collected sporophytes were cultured at
15°C, 16:8 h LD, 15°C, 8:16 h LD, 10°C,
16:8 h LD and 10°C, 8:16 h LD. Pri-
mordia of upright thalli appeared at 15°C,
16:8 h LD (Fig. 11) and 10°C, 16:8 h LD
3 weeks after spore inoculation. Each
primordium consisted of a compact group
of filaments arising from the center of a
system of prostrate filaments. Each de-
veloped into a multiaxial Nemalion thallus
(Figs. 13, 14). However, upright thalli
did not develop at 15°C, 8:16 h LD (Fig.
12) and 10°C, 8:16 h LD.

13

Fig. 13. Six-month-old gametophyte of Nem-
alion vermiculare derived from a tetraspore from the
plant shown in Figs. 8 and 9 and grown at 15°C,
16:8 h LD. Fig. 14. Cross section of the upright
thallus shown in Fig. 13.

Discussion

Our surveys show that populations of
Nemalion vermiculare at Oshoro Bay attain
their maximum abundance and size at
wave-exposed localities from May through
August. The summer occurrence of N.
vermiculare gametophytes is consistent with
the results of our culture experiments which
indicate that upright thalli develop only
under long day conditions. The tidal
height has a narrow range along the coast
of the Sea of Japan, but the seasonal change
is large: the mean sea level is low in winter
and high in summer (Japan Meteorological
Agency 1985). The monthly mean sea
level at Otaru near Oshoro Bay is the lowest
in March (9.3 cm) and the highest in Au-
gust (29.1 cm). It reaches 21.0 cm high in
June (Japan Meteorological Agency 1985).
This increase may account for the delayed
appearance of macroscopic gametophytes in
sheltered localities near the high watermark.

Under short day regimes at 5-20°C, cul-
tured tetrasporophytes grow quickly, becom-
ing visible to the naked eye and reproduc-
tively mature within 10 weeks after germi-
nation. Tetrasporangia are formed more
rapidly at the higher temperatures in cul-
ture. TField-collected tetrasporophytes are
inconspicuous and apparently sterile during
the autumn and winter, even though our
culture experiments indicate that light and
temperature conditions are suitable during
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these months for growth and reproduction
(cf. Ouno et al. 1982, Fig. 6). Other
factors not considered here must influence
the life history of Nemalion in nature.
Several phycologists (Fries 1969, MARTIN
1969, SOpERSTROM 1970) have attempted
to find tetrasporophytes of Nemalion in
nature. FRries (1969) found acrochaetioid
filaments growing on Balanus shells and
Ralfsia crusts collected from the Swedish
west coast. She cultured these filaments
in the laboratory and succeeded to produce
tetrasporangia with the same appearance as
those in her previous cultures of Nemalion
multifidum (WEBER et MOHR) ]J. AGARDH
(Fries 1967). MarTIN (1969) followed
carposporelings of N. helminthoides (VELLEY)
BaTTERS on the Anglesey coast of Wales
during several years. These acrochaetioid
carposporelings growing on linpet shells
and barnacle plates formed monosporangia
instead of tetrasporangia in the field. They
survived in the winter and produced up-
right gametophytes in May. SODERSTROM
(1970) suggested that tetrasporophytes of
N. multifidum in Scandinavia are induced to
form tetrasporangia by rising temperature
and increasing daylength. On the basis of
laboratory culture experiments CHEN et al.
(1978) concluded that tetrasporangia can
be formed under various conditions of tem-
perature and photoperiod (10-20°C, 12:12—
16:8 h LD), but that a prior excursion into
winter conditions (5°C, 8:16 h LD) is nec-
essary to induce tetrasporogenesis for the
Canadian N. helminthoides. According to
our present culture experiments and those
of Masupa and Uwmezak: (1977), such an
excursion is unnecessary for the Japanese N.
vermiculare. Further investigations should

focus on discovery when the tetrasporophytes
of these Nemalion species sporulate in nature.
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Post (1936) described Bostrychia flagellifera
as a new species from Paramatta River in
Sydney, Australia. Post (1961) identified
Japanese specimens collected from Sakura-
jima Volcano as B. flagellifera and reported
the structure of thallus, tetrasporangial
stichidia and cystocarps, but no observa-
tions are available on the procarps and
spermatangia.

This paper deals with observations on
sexual reproductive organs based on the
specimens of Bostrychia flagellifera, collected
by the late Dr. Hiroshi IToNo of Kagoshima
University, from Sonoyama-ike in Sakura-
jima Volcano, Kagoshima Prefecture in
Japan, on September 5, 1981. The speci-
mens examined were deposited in the
Herbarium of Faculty of Science, Kobe
University.

Bostrychia flagellifera is monoecious, the
spermatangial sorus (Figs. 2, 7 and 8) is
found to form at the terminal portion of
fertile branches in conjunction with a
procarp. The axial cell (Figs. 2 and 5,
ACQC) divides longitudinally to produce four
to five pericentral cells, called as primary
parent cells (Figs. 2 and 5, PPC).

Each primary parent cell divides to pro-
duce secondary parent cells (Figs. 2 and 5,
SPC), each of which divide successively to
produce tertiary parent cells (Figs. 2 and 5,
TPC). The tertiary parent cells (Figs. 2
TPC, PC) produce 1-2 spermatangia (Figs.
2 and 5, SP).

FALKENBERG (1901) observed that the
axial cell of Bostrychia tenella is surrounded

This study is partly supported by Grant-in-Aid for
Scientific Research from the Ministry of Education,
Science and Culture, No. 5954044.

by pericentral cells and one layer of cortical
cells, each of which directly produces a
spermatangium. SmiTH and Norris (1988)
reported the linear arrangement of a single
primary parent cell (Fig. 3, PPC) connec-
tion to chains of secondary parent cells
(Fig. 3, SPC) for B. binderi. Spermatangia
(Fig. 3, SP) of this species were produced
from both primary and secondary parent
cells. Each primary parent cell (Fig. 4,
PPC) of B. monlagnei was pit-connected to
at least three spermatangium producing,
secondary parent cells (Fig. 4, SPC) in a
di- or trichotomous arrangement.

In the present study, it is observed that
each primary parent cell (Fig. 5, PPC) of
B. flagellifera produces successively secondary
(Fig. 5, SPC) and tertiary parent cells (Fig.
5, TPC, Figs. 2 and 8, PC), which have
some analogy with cortical cells. The ter-
tiary, and sometimes secondary parent cells
(Figs. 2 and 8, PC) were observed to pro-
duce 1-2 spermatangia (Figs. 2 and 8, SP).

The axial cells of the terminal portion of
the thallus produce 3-4 pericentral cells
and usually one procarp is formed on each
sector. A sterile pericentral cell divides
transversely into two tier cells in the same
manner as the vegetative portion of the
thallus. Procarp consists of a supporting
cell (Figs. 1 and 2, S) and 3-celled carpo-
gonial branch with one sterile cell (Fig. 1,
SR) or none (Figs. 1, lower one, and 2).
Since the four-celled carpogonial branch
(Fig. 1, lower one) is observed only once on
Japanese specimens collected from Sakura-
jima Volcano, the 3-celled carpogonial
branch is more common than 4-celled car-
pogonial branch.
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Figs. 6-8.
toward the tip of the thallus;

7. A spermatangial sorus;

Bostrychia flagellifera Post 6. A procarp with a mature trychogyne projecting obliquely

8. A part of a spermatangial sorus. (AC, axial

cell; PC, parent cell; PPC, primary parent cell; S, supporting cell; SP, spermatangium; SPC, secondary

parent cell; SR, sterile cell; TPC, tertiary parent cell; TR, trichogyne.

7; 10 gm for Fig. 8)

The carpogonial branch is directed to-
ward the apex of the thallus and the carpo-
gonium occupies a position lateral to the
supporting cell. The mature trichogyne
(Figs. 1, 2 and 6, TR) is up to 200 gm long
and projects obliquely toward the tip of
the thallus.

Most taxon of the Ceramiales have been
observed invariably to produce 4-celled
carpogonial branches. Many authors such
as HomMERsAND (1963), CorRDEIRO-MARINO
(1979), Tanaka and CuHiHARA (1984a, b),
Kine and Purrock (1986) have reported
the standard Ceramiales-type of 4-celled
carpogonial branches in B. arbuscula HARr-
VEY, B. kelanensis Grunow in Post, B. pin-
nata TaNaka et CHIHARA, and B. radicans
(MonTAGNE) MONTAGNE. Four-celled carpo-

Scale bars; 50 #m for Figs. 6 and

gonial branch of Japanese specimens of
B. flagellifera Posr collected from Sonoyama-
ike was observed once, and the post-fertili-
zation and carposporophytes have not been
observed.

The author wishes to express his sincere
thanks to the late Dr. Hiroshi Itono of
Kagoshima University for collecting speci-
mens.
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Mikami, H. 1988. On the original specimens of Neoholmesia neurymenioides (OKAMURA) WYNNE
(Delesseriaceae, Rhodophyta) from Taiwan. Jpn. J. Phycol. 36 : 241-245.

Morphological studies were carried out on the original specimens of Neoholmesia neurymenioides
(Oxkamura) WynNE and the following characters were confirmed : 1) the thallus is polystromatic
except the growing margins, 2) the thallus grows by means of a single transversely-dividing apical
cell, 3) intercalary cell divisions are absent in the primary cell row, 4) initial cells of second-order
cell rows reach the thallus margin, 5) tertiary initials do not always reach the thallus margin, 6)
spermatangial sori are scattered over the thallus surface, 7) spermatangial mother cells are formed
by repeated divisions of an initial cell, 8) the initial cells are formed pericentrally from a vegetative
cell, 9) tetrasporangial sori are scattered over the thallus surface, 10) tetrasporangial primordia are
cut off from surface cells, and 11) tetrasporangia are 20-32 #um in diameter and cruciately or
tetrahedrally divided.

Key Index Words: Delesseriaceae— Morpholog y—Neoholmesia neurymenioides—Rhodophyta-—
Taxonomy.
Hideo Mikami, Women’s Junior College, Sapporo University, Nishioka 3-7-3-1, Sapporo, 062 Japan.
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Fig. 1. Neoholmesia neurymenioides (Oxamura) WynNE. Holotype specimen
collected from Taiwan (Santenkaku) on April 29, 1925, (SAP, herb. OkAMURA).
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Figs. 2-7.  Neoholmesia neurymenioides. 2. Apex of blade showing apical segmentation (cortical cells
not shown). 3. Apex of marginal proliferation (cortical cells not shown). 4. Small leaflet on surface of
primary blade. 5. Cross section of marginal region of blade. 6. Origin of leaflet. 7. Cross section of
basal portion. a, apical cell; numerals 1-9, segments of apical cell; iz, i3, initials of 2nd and 3rd order rows.
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Figs. 8-13. Neoholmesia neurymenioides. 8. Surface view of spermatangial sorus. 9. Cross section of
spermatangial sorus. 10. Surface view of tetrasporangial primordia. 11. Cross section showing tetra-

sporangial primordia cut off from surface cells.

12. Surface view of mature tetrasporangial sorus. 13.

Cross section of tetrasporangial sorus. i, initial cell of spermatangial mother cell; m, spermatangial mother
cell; p, tetrasporangial primordia; sp, spermatangium; t, tetrasporangium; v, vegetative cell.
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MaTsupa, Y. 1988. The Chlamydomonas cell walls and their degrading enzymes. Jpn. J. Phycol.
36: 246-264.

The unicellular algae like Chlamydomonas and their related colonial members in the Volvocales
are surrounded by extracellular matrices or cell walls which are composed of glycoproteins with little,
if any, polyglucans characteristic of higher plant and other algal walls. Their architecture, chemistry,
synthesis, secretion, in vitro assembly, and mutation are becoming increasingly clear particularly in the
cell wall of C. reinhardtii, which will be briefly reviewed. Moreover, in C. reinhardtii a lytic enzyme
(gamete wall-autolysin), which is responsible for digestion of the gamete cell wall during mating,
and a hatching enzyme (sporangium wall-autolysin), which acts on the sporangium cell wall to liberate
zoospores, have been purified and characterized. Recent work on the specificity, cleavage sites, intra-
cellular storage form, location, and excretion signal of the two degrading enzymes will be discussed
and their nature will be compared. Finally, discussion will be extended to some systematic approaches
which employ the cell walls and their degrading enzymes as important phylogenic keys in Chlamydomonas

and in the Volvocales.

Key Index Words: Cell wall—chemotaxonomic key—Chlamydomonas—glycoprotein—hatching

enzyme—Iytic enzyme—protease—Volvocales.

Chlamydomonas is a biflagellated, green
unicell which has been used as a valuable
experimental alga for almost 100 years. The
genus which contains nearly 500 species is
divided into 9 sub-groups (ErTL 1976,
1983), and is placed in the family
Chlamydomonadaceae and the order Vol-
vocales (BoLp and WynNE 1985). Indi-
vidual species of Chlamydomonas is either
homothallic or heterothallic. In the homo-
thallic strains like C. monoica (VANWINKLE-
Swrirr and AuBERT 1983), mating can oc-
cur within clones, presumably by inter-
conversion of the mating-type genes as
observed in yeasts (HErskowiTz and OsHi-
Ma 1981). Such mating-type switches,
however, are absent in the heterothallic
species such as C. reinhardtii, C. eugametos and

This work was partly supported by a research grant
(63540533) from the Ministry of Education, Science
and Culture of Japan.

C. moewusii, where two sexually compatible
clones having either mating-type plus (mi*)
or minus (m¢~) nuclear genes exist, and no
sexual reproduction occurs within clones.
Copulation may occur between motile
gametes which are morphologically alike
(isogamy; e.g. C. reinhardtii, C. eugametos, C.
moewusii) or morphologically different (ani-
sogamy or heterogamy; e.g. C. zimbabwiensis)
or between gametes differentiated as egg
and sperm (oogamy; e.g. C. suboogama, C.
pseudogigantea) (TscHERMAK-WOoEss 1959,
1962).

Fig. 1 shows the asexual and sexual cell
cycles of an isogamous heterothallic alga,
Chlamydomonas reinhardtii. The mt* and mt~
cells reproduce asexually by repeating a
cycle of growth, mitosis and cytokinesis (Fig.
1A, B). When all cell divisions are com-
plete, a new cell wall is formed around each
daughter cell, and 4-16 daughter cells
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Fig. 1. The life cycle of an isogamous, het-
erothallic alga, Chlamydomonas reinhardtii. A and B,
asexual reproduction of mt* and mt~ vegetative
cells; C and D, m¢* and m¢~ gametes induced by
nitrogen starvation; E, flagellar agglutination and
cell wall loss after mixing the two mating-type
gametes; F, pairing and protoplasmic fusion; G,
quadriflagellated young zygote; H, mature zygote
with thick zygotic cell wall; I, meiotic cell division.

(zoospores) are released by breaking down
the mother cell wall (sporangium cell wall).
The asexual cell cycle can be synchronized
by the light-dark regime (BERNSTEIN 1960;
KaTEs and Jones 1964).

Switching to the sexual cell cycle in C.
reinhardtii occurs when the asexually growing
vegetative cells are subjected to nitrogen
starvation (SAGER and Granick 1954).
Gametic differentiation of either mating-
type can occur in the absence of cells of the
opposite mating-type and without sexual
cell division (Fig. 1C, D) (ScCHMEISSER et al.
1973; MATsupa et al. 1978). At the level
of the light microscope, vegetative cells and
gametes are indistinguishable. At the ul-
trastructural and biochemical levels, how-
ever, gametogenesis in C. reinhardtii involves:
(1) the construction of a mt* or mt~ mating
structure for protoplasmic fusion (FRrIED-
MANN et al. 1968; CAvaLIER-SMiTH 1975;

GoopenoucH and Weiss 1975; MARTIN and
GoobenoucH 1975; TriEMER and Brown
1975b; GoobENOUGH et al. 1982), (2) the
synthesis of mating-type specific agglutinin
molecules, their transportation to the flagel-
lar surface for agglutination (Wiese 1965;
GOODENOUGH et al. 1985; SNELL 1985) and
their accumulation in the cell body as a
reservoir of molecules (Sarro et al. 1985;
SNELL 1985), and (3) the shift in the storage
form of cell wall lytic enzyme for digestion
of the gametic wall (MATsUDA et al. 1987b;
see later for details).

General features of the sexual cell cycle
which occur between the mt* and mt~
gametes in heterothallic species are similar
with minor exceptions and consist of the
following steps (Fig. 1): the initial clumping
of gametes by flagellar adhesion (Fig. 1E),
pairing of gametes by firm flagellar tip-to-
tip adhesion, protoplasmic fusion (Fig. 1F,
G), flagellar deadhesion and retraction,
zygotic wall formation (Fig. 1H), zygote
maturation, meiosis, cytokinesis (Fig. 1I),
and ultimately the liberation of zygospores
(4 or more) by breaking down the thick
zygotic cell wall (SNeLL 1985; vAN DEN
Enpe 1985). In C. reinhardtii, flagellar
agglutination triggers the excretion of a cell
wall lytic enzyme so that paired gametes are
naked before fusion (CAvALIER-SMITH 1975;
GoobpeNouGH and WErss 1975; TRIEMER and
Brown 1975b; MaATsubpa et al. 1978;
GOODENOUGH et al. 1982; WEiss 1983). In
C. eugametos and C. moewusii, the gamete wall
is partially broken down at the apical end,
and through the resulting hole, a plasma
tube elongates towards that of its partner
with which it eventually fuses. The pair
joined by a narrow protoplasmic bridge,
which is referred to as a ‘“vis-a-vis” pair,
swims about for several hours, and then the
rest of the gamete wall is released to allow
complete cell fusion (BRowN et al. 1968;
TriEMER and BrowN 1975a; HomaN et al.
1980; MUSGRAVE et al. 1983).

Several surveys on asexual and sexual
reproduction in Chlamydomonas have recently
been made by many authors (WIesE 1984;
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ApAIR 1985; SneLL 1985; vAN DEN ENDE
1985; MaTsupa and Sarro 1986; TraiNOR
and Cain 1986; BLoobcoop 1987). In this
article, I will therefore concentrate on
information on the Chlamydomonas cell walls
and their degrading enzymes and discuss
how the synthesis and degradation of cell
walls are regulated temporally and spatially
in the life cycle. The rest of this review
will discuss some new approaches where the
cell walls and degrading enzymes are used
to systematize a variety of organisms in
Chlamydomonas and in the Volvocales.

I. Cell Wall

The following information on the
Chlamydomonas cell wall has been obtained
mainly by using the isogamous, hetero-
thallic species, C. reinhardltii.

1. Vegetative cell wall

The vegetative cell wall of Chlamydomonas
covers the cell surface except for that of the
flagella. Therefore, the wall is not con-
tinuous at the opening through which the
flagella protrude: the two tunnels in the cell
wall are lined by flagellar collars, cylinders
of wall material (ROBERTS ef al. 1975; SNELL
1983). The vegetative cell wall is composed
of glycoproteins with none of the polysac-
charide polymers characteristic of higher
plant walls (ROBERTs et al. 1985b). The
protein portion accounts for about 309, of

Fig. 2.
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LAYER
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PLASMALEMMA

Multilayered structure of the C. reinhardtii cell wall.
B, diagram from GoopeEnouGH and Heuser (1985).

the wall by mass and is rich in hydroxy-
proline to which oligosaccharides are at-
tached (MILLER ¢t al. 1972; ROBERTS et al.
1972). The carbohydrate portion which
accounts for about 479%,, contains galactose,
arabinose and mannose as the most abun-
dant sugars (MILLER ei al. 1972; ROBERTS
1974; CATT et al. 1976), and is modified by
sulphation (ROBERTs et al. 1980). Flagellar
collars are different from the rest of the wall
in both structure and chemical composition
(ROBERTS et al. 1975).

Ultrastructurally, the intact cell wall was
originally described as having seven layers,
numbered W1-W7 (Fig. 2A) (ROBERTs et
al. 1972). However, recent images (Fig.
2B) obtained by the quick-freeze deep-etch
technique (GoobENoucH and HEUsER 1985)
indicate that W3 and W5 are actually
spaces. The innermost (W1) and outermost
(W7) layers constitute a “‘warp”, while the
central triplet layers, which are composed of
an inner amorphous layer (W2), a medial
granular layer (W4) and an outer crystalline
layer (W6), form a “weft”. The outer
crystalline layer is further divided into inner
(W6A) and outer (W6B) sublayers (Fig.
2B). The W4 and W6 layers can be
solubilized by chaotropic salts (e.g. sodium
perchlorate, lithium chloride), whereas the
inner layers, W1 and W2 cannot (DAvVIEs
1972; Hiris 1973; RoBerTs 1974; HiLrs
et al. 1975; GoobeEnoucH and HEUSER
1985). The salt-solubilized fraction is

A, diagram from RoBERTs et al. (1972);
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further separated by gel filtration on
Sepharose 2B into two fractions, 2BI which
derives from W4, and 2BII which derives
from W6 (CATT ef al. 1976, 1978; ROBERTS
1981; GoopeENoUGH et al. 1986). The salt-
insoluble fraction can be seen under phase
contrast microscopy as an extremely thin
wall-shaped structure (HiLLs et al. 1975).
The salt soluble and insoluble fractions have
very similar amino acid and sugar com-
positions (HiLis et al. 1975), but are com-
posed of distinctly different species of
polypeptides and glycopolypeptides in SDS-
PAGE (ImaMm et al. 1985; MATSUDA et al.
1985). The salt-soluble fraction contains
four major fibrous glycopolypeptides
(>350, 270, 150, 130 kDa) that make up
2BII subfraction (CATT et al. 1976; ROBERTS
et al. 1985a; GOODENOUGH et al. 1986) and
several minor polypeptides, whereas the
insoluble fraction is composed of several
polypeptides among which a 100 kDa
polypeptide is prominent (GOODENOUGH
and HEuseR 1985; ImaM et al. 1985; MATsu-
DA et al. 1985). 1In C. eugametos the cell wall
contains two major glycoproteins and
several minor glycoproteins (MUSGRAVE et
al. 1983; ADAIR ¢! al. 1987).

When the salt-soluble and insoluble
fractions are mixed and dialyzed against
water, a complete cell wall is reconstituted,
as judged by light and electron microscopy
(Hiris 1973; HiiLs et al. 1975). The 2BII
subfraction itself, when dialysed against
water, can self-assemble into a crystalline
lattice structure while 2BI cannot (HiLLs
1973; HirLs et al. 1975; CATT et al. 1978;
GOODENOUGH et al. 1986). Oligosaccharide
residues, especially the terminal mannose
residues of 2BII glycoproteins, are impor-
tant for the self-assembly process (CATT et al.
1978; O’NEeiLL and RoserTs 1981). If 2BI
is added to 2BII and dialysed, the former is
incorporated into the lattice structure,
resulting in the formation of sandwiches of
W6-W4-W6 layers, but they are still frag-
ments (GOODENOUGH et al. 1986). Thus, the
presence of the salt-insoluble fraction (W1
and W2) is essential for the reconstruction of

a complete cell wall having WI-W2-W4— '
W6 layers (Hirrs 1973; Hivris et al. 1975;
ADAIR et al. 1987). The inner wall layer
(W2) is considered to serve as a template
onto which glycoproteins of the outer
crystalline layers specifically bind (HiLLs et
al. 1975; ApAIr et al. 1987). The cell wall-
less mutant strains, cw-2 and cw-18, are
deficient in some aspects of the inner wall
layer, and continue to shed the crystalline
wall components into the medium (HirLs
et al. 1975; Lanc and CHRISPEELs 1976;
MoNK et al. 1983; ApAIR et al. 1987).

The inner wall layer is the first com-
ponent to be laid down around the plasma
membranes of naked daughter cells after
cell divisions in the asexual cell cycle (VoicT
1986; Grier and Suaw 1987). Glycopro-
teins of the outer layers are synthesized in
the endoplasmic reticulum, glycosylated in
the Golgi stack, transported to the cell
surface directly or wuia the contractile
vacuole, and then self-assembled onto the
inner wall layer (GrIEF and SHaw 1987).
When vegetative cells are cultured synchro-
nously, turnover of the inner wall layer
occurs during the cell growth period (VoigT
1985a). It has been assumed that extension
of the cell wall occurs by cleaving some
cross links of the inner wall layer and
incorporating  additional ~ components
(VoieT 1985a).

2.  Gametic cell wall and mother cell wall

Differentiation of non-synchronized vege-
tative cells into gametes occurs under
nitrogen starvation with no apparent cell
division (ScHMEISSER et al. 1973; MATSUDA
et al. 1978, 1987b). Moreover, vegetative
cells separate their cell walls (which then
become the sporangium cell walls) from the
protoplasts during the initial stage of cell
divisions (HarPER and Jonn 1986). There-
fore, both gamete cell wall and sporangium
wall are actually the vegetative cell wall
itself. In fact, the cell walls and their salt-
soluble extracts from vegetative cells,
gametes and sporangia have very similar
glycoprotein compositions on SDS-PAGE
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(Davies 1972; MUSGRAVE et al. 1983 ; VoiGT
1985b). However, a conformational change
in the vegetative cell wall seems to occur
during the mitotic cell division period.
MUSGRAVE et al. (1983) have reported that
an antiserum raised against one of the major
cell wall glycopolypeptides of C. eugametos
does not react with the intact wall of
vegetative cells but bind to the sporangium
cell walls, suggesting that the antigenic sites
become exposed in the mother cell wall due
to the conformational change. Moreover,
ScuLOssEr (1976) found that a hatching
enzyme, which is responsible for digestion
of the mother cell wall to release daughter
cells (see below), does not act on the
vegetative or gametic cell walls.

3. Zygote wall

The zygote wall differs from the vegeta-
tive wall in both chemical composition and
architecture. It consists of 60-70%, sugar
and 5-10%, protein rich in hydroxyproline
(Catt 1979; GRIEF e al. 1987). Glucose,
present only in trace amounts in vegetative
cell walls, is the principal sugar in zygote
walls and accounts for about half of the
sugar residues (CATT 1979). The presence
of a homopolymer, £-1,3 glucan is indicated
by GRrikF et al. (1987), and this polyglucan
appears to surround the fibrous hydroxy-
proline-rich  layer. Chaotropic agents
which can solubilize the outer layers of the
vegetative cell wall do not solubilize the
zygote wall (Catt 1979).  Structurally,
zygospores are surrounded by primary and
secondary walls. The primary wall is
formed soon after gametic fusion. Zygote
specific glycoproteins are synthesized, and
become associated with fibers of the early
cell walls in young zygotes, but are also
secreted into the culture medium (MiINAMI
and GoobenoucH 1978). The secondary
wall develops inside the primary wall during
the maturation period, which requires
several days. It is thick and composed of
two layers, the outer of which is highly
convoluted and appears orange under light
microscope (BrRowN et al. 1968; CAVALIER-

SmrtH 1976).

II. Cell Wall Degrading
Enzymes

1. Lytic enzyme (gamete wall-autolysin)

Chemical nature

In C. reinhardtii and many other species of
Chlamydomonas (C. iyengarii, C. indica, C.
chlamydogama, C. gymnogama, C. media, C.
zimbabwiensis), the protoplast escapes from
its enclosing gametic cell wall (Fig. 1E)
during mating as a necessary prelude to cell
fusion (MiTrA 1949; Borp 1949; DEason
1967; Craes 1971; MiLLER e al. 1974;
CavALIER-SmiTH 1975; HEIMKE and STARR
1979). Gametes of C. reinhardtii slip out of
their cell walls by breaking down the apical
region and concurrently excrete into the
culture medium a cell wall lytic factor
(CLags 1971), referred to as “gamete wall-
autolysin” (ScHLOsSER 1976) or ‘“‘cell wall
lytic enzyme” (Tamaki et al. 1981). The
lytic enzyme in the medium continues to
disintegrate the stripped walls and also
attacks other walled gametes from the
outside.

Lytic enzyme can dissolve the cell walls
at all stages of the life cycle (Fig. 1; vege-
tative cell, gamete and sporangium) with
the exception of the zygote wall (CLAEs
1971; ScHLOsserR 1976). Therefore, bio-
assays for lytic activity measure either the
formation of protoplasts from walled cells
(CrLaes 1971; Kaska and GiBor 1982;
SNeLL 1982) or the liberation of daughter
cells from sporangia (ScHLOsser 1976;
Tamaxr et al. 1981), the latter assay being
20-40 times as sensitive as the former assay
(MaTsupa et al. 1984). The enzymatic
nature of gamete wall-autolysin was first
indicated by ScHLGssER (1976) who.showed
that it is heat labile, non-dialysable, pre-
cipitated from the mating medium with
ammonium sulfate and inactivated with
HgCl,, EDTA and papain. TAMAKI el al.
(1981) developed procedures for a sensitive
and quantitative assay of lytic activity using
glutaraldehyde-fixed sporangia as substrate.
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They then developed a method for the
purification of lytic enzyme from the mating
medium under stabilized conditions. Sub-
sequently, MaTtsubpa et al. (1984, 1985,
1987b) succeeded in purifying and charac-
terizing the enzyme (Table 1). The purified
enzyme is a single glycoprotein with a
molecular mass of 62-65 kDa. Activity is
inhibited by metal ion chelators (EDTA,
CDTA, EGTA, a,a’-dipyridyl and 1,10-
phenanthroline), SH-blocking agents (p-
chloromercuribenzoic acid, HgCl,, iodoace-
tate, diethyl pyrocarbonate and copper
acetate), certain amino acids, @,-macro-
globulin (a protease inhibitor) and phos-
phoramidon (a metalloprotease inhibitor).
However, lytic enzyme is insensitive to the
inhibitors of serine, thiol, and carboxyl
proteases (phenylmethylsulfonyl fluoride
(PMSF), e-aminocaproic acid, pepstatin A,
antipain, chymostatin, leupeptin and E-
64). These inhibitor specificities, together
with the finding that the purified enzyme
contains zinc, led MaTsupa et al. (1985) to
conclude that cell wall lytic enzyme (gamete
wall-autolysin) is a metalloprotease.

Lytic enzyme digests casein as analyzed
by SDS-PAGE (MATsupA et al. 1985) and
reversed phase chromatography (MATsuba
et al. unpublished data). In order to

determine the polypeptide linkages cleaved
by lytic enzyme, we are currently analysing
points of cleavage in enzyme-treated pep-
tides with known amino acid sequence. Our
results show that lytic enzyme does not
cleave the oxidized B chain of insulin, £-
endorphin or a-mating factor, but does split
the peptide bonds of Phe'-Leu® in dynor-
phin and Pro"-Tyr? in neurotensin
(MATSUDA et al. unpublished data).

Wall digestion

Recent studies from three laboratories
(GoobeENoucH and HEuser 1985; Imam et
al. 1985; MATsuDA et al. 1985) have in-
dependently concluded that lytic enzyme
acts on only the salt-insoluble fraction, that
is, the inner wall layer (W2) of the C.
reinhardtii cell wall. Imawm e al. (1985) and
MaTsupa et al. (1985) observed by phase
contrast microscopy that the “ghost” like
structure of the salt-insoluble wall becomes
completely invisible after lytic enzyme
treatment. MATsuDA et al. (1985) showed
by SDS-PAGE analysis that lytic enzyme
does not act on any of the major or minor
polypeptides of the salt-soluble fraction, but
does degrade some polypeptides of the salt-
insoluble fraction. GOODENOUGH and
Heuser (1985) observed by electron micro-

Table 1. Properties of cell wall degrading enzymes in Chlamydomonas reinhardtii.

Property Lytic enzyme Hatching enzyme
Molecule glycoprotein glycoprotein
Molecular mass
gel filtration 65 kDa 114 kDa
SDS-PAGE 62 kDa 125 kDa
pH optimum 7.5 9.0
Temperature optimum 35°C 35°C
Isoelectric point 6.5 >10.0
Wall digestion mother cell wall mother cell wall

vegetative cell wall

gametic cell wall

Inhibitors of
serine protease
metalloprotease
thiol protease
acid protease

insensitive
sensitive
sensitive

insensitive

sensitive
sensitive
sensitive

insensitive
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scopy that as the W2 layer is degraded by
lytic enzyme, fibrous units, shaped like
“fishbones’’, are observed in the medium.
Since the prominent 100 kDa polypeptide
in the salt-insoluble fraction appears not to
be degraded by the enzyme (ImaMm et al.
1985; MATsUDA ¢t al. 1985), it may con-
stitute the “fishbones”, while lytic enzyme
may attack some core polypeptide(s) which
interconnects the “fishbones”. If the core
or framework is degraded by lytic enzyme,
the whole assemblage of the cell wall may
break down.

Enzyme topography

Is lytic enzyme synthesized de novo during
gametic induction or is it already stored in
the vegetative cell? The pioneering work
on the lytic factor by Craes (1971) has
shown that lytic activity found in the mating
medium can also be detected in vegetative
cells and gametes which have been broken
by sonication. The same author also
reported (CrLaes 1977) that cell homoge-
nates obtained using a French press yielded
no activity unless they were subjected to
sonication. Recently, we (MATsupA ¢t al.
1987b) confirmed CLAES’s preliminary but
suggestive findings through biochemical
studies and presented some important
topographic aspects of lytic enzyme in cells.
Both vegetative cells and gametes contain
lytic enzymes, but their storage forms are
quite different (Fig. 3). In vegetative
cells, lytic enzyme is stored in an inactive
and insoluble form (V-form). The acti-
vation and solubilization of V-form enzyme
occur either when vegetative cell homoge-
nates from the French press are subjected
to sonication or when the cells are freeze-
thawed prior to homogenization. In con-
trast, the lytic enzyme is always found in
gametic cell homogenates in an active and
soluble form (G-form). When the V-form
enzyme is activated and then purified, it is
a glycoprotein with an apparent molecular
mass of 67 kDa by gel filtration and 62 kDa
by SDS-PAGE, and is sensitive to metal ion
chelators and SH-blocking agents. These

vegetative differentiation Gamete
Cell dedifferentiation
V-form G-form

lactivation ‘excrelion

(Lytic enzyme)

Fig. 3. Schematic diagram of the storage form
of lytic enzyme in vegetative cell and gamete, and
its processing during gametic differentiation and
dedifferentiation.

properties are very similar to those of the
G-form enzyme purified from gametic cell
homogenates and lytic enzyme isolated from
the mating medium. The inactive V-form
enzyme was also purified by sucrose gradient
centrifugation and gel filtration, and charac-
terized as a homologous particle with a
sedimentation coefficient of about 20 S (Ono
et al. 1987). After sonication, the 20-S
particle releases an active, 4-S enzyme,
which coincides with the S-value of the G-
form enzyme and lytic enzyme excreted
into the medium (ONo et al. 1987). It is
possible that the activity of the V-form
enzyme is concealed by forming an enzyme-
masking protein complex (Fig. 3) or enzyme
aggregates.

It is noteworthy that the storage form of
lytic enzyme shifts back and forth between
the two, dependent upon gametic differen-
tiation and dedifferentiation of the cell
(MaTsupa et al. 1987b) (Fig. 3). When
vegetative cells are starved of nitrogen, the
storage form shifts from the V-form to the
G-form in correlation with the ability to
mate. Adding nitrogen to the gametic
culture converts the G-form to the V-form,
concurrently with the loss of mating ability.
Therefore, we can clearly distinguish
between vegetative cells and gametes, which
are morphologically very similar in C.
reinhardtii, by a simple determination of lytic
activity in the cell homogenates. Without
this assay, it is especially difficult to dis-



Chlamydomonas cell walls and degrading enzymes 253

tinguish between the two cell types in ag-
glutinin-deficient cells or flagella-less cells
(Sarto et al. 1988; MATsUDA et al. 1988b).

Several pieces of indirect evidence sug-
gest that lytic enzyme is stored in the
periplasmic space (MILLIKIN and WEIss
1984 ; MaTsuDA et al. 1987b). MILLIKIN and
WE1ss (1984) have analyzed the binding of
FITC or ferritin labeled concanavalin A
(Con A) to gametes by epifluorescent and
electron microscopy, and proposed that
Con A binding globules in the anterior
periplasm of gametes represent lytic enzyme
or a precursor of the enzyme. MATsuDA et
al. (1987b) have shown that when vegetative
cells and gametes are treated with exoge-
nously added lytic enzyme, the protoplasts
obtained contain little enzyme activity, and
when the protoplasts are incubated further
after washing out the added enzyme, lytic
enzyme is again accumulated in these cells
when most of the wall has been regenerated.
Gametes of many wall-less mutant strains
have little, if any, lytic enzyme activity in
the cell homogenates and release practically
no lytic enzyme into the medium during
mating (MATsuDA et al. 1987b).

Excretion signal

A study of the release of lytic enzyme
during mating is complicated by the fact
that unmated gametes of some strains often
release the enzyme activity, stimulated by
an as yet unknown signal, and lose their
walls before mixing (FRIEDMAN et al. 1968;
GoopeENOUGH and WEiss 1975; MATsupa
et al. 1978; MaTtsupa 1980; Kaska and
GiBoR 1982). Since gametes of both mating-
types possess equal amounts of active (G-
form) enzyme, it is possible that there is an
inhibitor(s) in walled gametes (Fig. 1C, D),
which acts on the cellular enzyme to keep
the activity below the critical level until its
release is stimulated by mixing gametes of
the opposite mating-type (MATSUDA et al.
1987b). Some gametes might lose their
walls before mixing by raising the lytic
activity beyond the critical level; we have
the experience that wall loss often occurs

when the gametogenesis is accompanied
with cell division (MaTsuba 1980) or when
gametes are cultured for a long period under
nitrogen-starvation.

When walled gametes of both mating-
types are mixed together, lytic enzyme is
released into the medium as a pulse, within
1-3 min of mixing (SNeLL 1982; MATsupa
et al. 1987b). Both mating-types release
lytic enzyme when agglutinated with either
live gametes, fixed gametes, or isolated
flagella of the opposite mating-type (CLAEs
1971 ; GoopeENouGH and WEiss 1975; Kaska
and GiBor 1982). However, several re-
ports have indicated that the m¢t™ gametes
release much more lytic enzyme than the
mt~ gametes during flagellar agglutination
(MaTsupa et al. 1978; SNELL 1982; MiLLi-
KIN and WErss 1984).

Lytic enzyme is secreted only after flagel-
lar agglutination: Deflagellated gametes
neither agglutinate nor excrete enzyme.
However, agglutinability recovers when
about 109% of the complete flagella is
regenerated, while the ability to release the
enzyme is regenerated only when 509, of
the flagellar length is restored (Ray et al.
1978). It is thought that flagellar ag-
glutination sends a signal to the cell body
that triggers the release of the lytic enzyme
(GoopeNouGH 1977).  Several reports have
indicated that cyclic AMP (cAMP) and
Ca®* ions may play a role as second messen-
gers in signalling secretion of lytic enzyme
and other events required for cell fusion. A
transient 10 to 30-fold elevation of intra-
cellular cAMP levels is observed during
initial agglutination in C. eugametos (Pist
et al. 1984) and C. reinhardtii (PAsQUALE and
GoobeNoucH  1987). Broobcoop and
LeviN (1983) have observed that the rate
of efflux of Ca®* from gametes also increases
up to 20 times during the initial mating,
but the efflux rate returns to the control
level within a few minutes. The transient
increase in Ca** efflux may reflect a transient
increase in the cytoplasmic free-Ca’* con-
centration released from intracellular stor-
age sites (BLoobcoop and Levin 1983).
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Kaska et al. (1985) used X-ray micro-
analysis to analyze the intracellular dis-
tribution of Ca*" and revealed that Ca®" is
sequestered in descrete granules within the
gametic cell body prior to mating only to
become diffuse throughout the cell during
mating. The presence of calmodulin has
been reported in the cell bodies and flagella
(GrteLmMaN and Wirtman 1980), and in-
hibitors of calmodulin, trifluoperazine and
W-7, prevent the transduction of signals for
cell wall loss (DETMERS and CONDEELIS
1986). Lidocaine, an inhibitor of the move-
ment of Ca®*" ion across cell membranes, also
prevents cell wall loss (SNELL ef al. 1982).
More recently, PAsQuaLE and GOODENOUGH
(1987) reported that unmated gametes, but
not vegetative cells, can be induced to
undergo wall loss by addition of dibutyryl-
cAMP andfor cyclic nucleotide phos-
phodiesterase  inhibitors (e.g. isobutyl-
methylxanthine).

2. Hatching enzyme (sporangium wall-autolysin)

Chemical nature

The release of daughter cells by breaking
down the surrounding mother cell wall is
mediated by a second type of enzyme,
named ‘‘sporangium wall-autolysin” or
“hatching enzyme” (ScHLOsSER 1966, 1976;
Miuara and Hase 1975). This enzyme is
excreted into the medium as the zoospores
hatch, and therefore can be concentrated
from the medium of synchronized cultures
(ScuHLOssER 1976). Hatching enzyme is
specific for mother cell wall and will not
affect vegetative or gamete cell walls
(ScHLOsSsER  1976).  JAENICKE’s  group
(JaENnIcKE and WAFFENscHMIDT 1981 ;
JAENICKE et al. 1987) purified the hatching
enzyme of C. reinhardtii, and characterized
it as a serine protease with a molecular
mass of 37 kDa (gel filtration) or 40 kDa
(SDS-PAGE) and a pH-optimum at 8.2. To
compare the properties of hatching enzyme
with those of lytic enzyme, we recently
purified and characterized the hatching
enzyme (KosekI et al. 1987; manuscript in

preparation) (Table 1). Owur purified
enzyme specifically acts on sporangium cell
walls, and is an extremely basic glycoprotein
which binds to Con A-Sepharose. It has
a molecular mass of 114 kDa in gel filtra-
tion and 125 kDa in SDS-PAGE, a pH-
optimum at around 9.0, and is inactivated
by PMSF, TLCK, HgCl,, iodoacetate, 1,10-
phenanthroline and EDTA. Therefore, the
molecular size of our hatching enzyme is
much greater than that of JAENICKE and
WarrenscaMIDT (1981) on both gel fil-
tration and SDS-PAGE. We noted that a
protein component of about 40 kDa is one
of the prominent contaminants in crude and
partially purified enzyme preparations; this
component might be related to the hydroxy-
proline-rich glycoproteins which are libera-
ted during hatching of the zoospores from
the mother cell wall (Voict 1985a, b). To
confirm that the hatching enzyme is actually
a larger molecule than the lytic enzyme, the
two purified enzymes were mixed and
applied to a gel filtration column packed
with Sephacryl-S200. The activity, as
determined by use of glutaraldehyde-fixed
sporangia as substrates, gave two peaks: the
heavier one (PMSF sensitive, 115 kDa
peak) is hatching enzyme, and the lighter
one (PMSF insensitive, 65 kDa peak) lytic
enzyme (Fig. 4).

Hatching enzyme digests a@-casein. The
chromatographic patterns of enzyme digests
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Fig. 4. Gel filtration of the mixture of the
purified lytic enzyme (LE) and hatching enzyme
(HE). O, cell wall degrading activity measured
by glutaraldehyde-fixed sporangia as substrates;
@, activity measured in the presence of 0.2 mM
PMSF.
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of a-casein, as analyzed by reversed phase
chromatography, are distinctly different for
hatching enzyme and lytic enzyme. Hatch-
ing enzyme hydrolyzes a-mating factor, a-
neo-endorphin, dynorphin, neurotensin,
mastoparan and B-endorphin, but does not
act on oxidized insulin B. In general, the
imino side of a Lys or Arg residue in the P{
position is selectively cleaved, provided that
the P, position is occupied by a basic or
hydrophobic amino acid (Matsupa et al.
manuscript in preparation).

Intracellular enzyme

Hatching enzyme of C. reinhardtii seems to
be formed in the young zoospores during
ripening of sporangia (MiHARA and HAase
1975).  Cells at later stages of the cell cycle
contain the hatching enzyme, but its action
is suppressed until the regular time of
zoospore liberation in the cell cycle.
However, if the cells are subjected to
vibration, they liberate zoospores and con-
currently excrete the enzyme into the
medium (MiHara and Hase 1975). In
order to see the production or activation of
hatching enzyme in the cells during ripening
of the sporangia, we prepared cell homoge-
nates using the French press and analyzed
the activity (MATsuDA et al. 1988a). Un-
expectedly, no activity was detected in the
homogenates of sporangia even just before
hatching. The homogenates were found to
contain inhibitor(s) which inactivated
specifically and irreversibly the activity of
the isolated hatching enzyme. Therefore,
it seems to be difficult to analyze the intra-
cellular hatching enzyme through cell
breakdown (MATsuDA et al. 1988a).

III. Systematic Studies

Many species of the genus Chlamydomonas
have been divided into subgenera or sub-
groups generally based on the light-micro-
scopically visible features of vegetative cells
(PascHER 1927 ; GERLOFF 1940; ETTL 1976).
However, the problems of the taxonomy of
Chlamydomonas at the species level have been

presented by Lewin (1975) who stated:
‘Specific distinctions in this genus are
generally based on relatively few micro-
scopically visible features of the biflagellate
(presumably haploid) cells, as found in
nature or when grown in media often
insufficiently characterized.--+ Therefore,
the taxonomy of the genus is in a mess, and
little confidence can be placed on specific
identifications based on published de-
scriptions’ (¢f. TrRaNOR and Cain 1986).
To overcome the confusion and artificiality
of the taxonomy of this primitive green alga,
several authors have considered that works
on the specificity of the cell walls and their
degrading enzymes might contribute a truer
and more reliable assessment of natural
relationships (RoBERTs 1974; SCHLOSSER
1984 ; MAaTsuDA et al. 1987a).

1. Cell wall as a taxonomic marker

All members of the Volvocales except the
family Polyblepharidaceae have cell walls or
extracellular matrices which are constructed
in a similar manner (BoLp and WYNNE
1985; ROBERTs et al. 1985a): they consist of
a stable amorphous inner wall layer and a
crystalline outer wall layer, and are built up
of unique glycoprotein molecules with
little, if any cellulose or chitin, which is
abundant in most other algal cell walls. The
detailed cell-wall structures and chemical
compositions, however, are suggested to be
different between individual algae, and
could be used as an important phylogenic
marker (RoBERTs 1974). RoBERTs (1974)
and ROBERTSs ¢t al. (1982) have analyzed the
glycoprotein arrays on the outer surface of
cell walls in a large number of organisms of
the Volvocales, and concluded that their
crystal structures fall into 4 general classes
(Tables 2 and 3). Eleven species of
Chlamydomonas (e.g. C. eugametos, C. moewustt,
C. chlamydogama) and many other members
in the family Chlamydomonadaceae (e.g.
Carteria, Chlorogonium, Haematococcus) possess
the simplest cell wall crystal structure (class
II). In contrast, C. reinhardtii, C. cribrum, C.
angulosa and C. inepta have more complicated
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Table 2. Grouping of algae in the genus Chlamydomonas on the basis of cell walls
and their degrading enzyme specificities.

Speci SCHLOSSER ROBERTs el al. MATSUDA et al.
pecies (1976, 1984) (1982) (1987a)

Chlamydomonas reinhardtii I
C. globosa
C. incerta
C. smithii
C. cribrum 1
C. komma

C. angulosa

C. debaryana
C. inepta

C. asymmetrica
C. gloeopara
C. peterfii

C. oblonga

C. mexicana

Q> > > > >

111

Q

C. iyengarii
C. sphaeroides
C. callosa

C. aggregata
C. humicola
C. applanata
C. dysosmos
C. culleus

C. elliptica
C. frankii 9 C
C. gymnogama 10

C. segnis 10

C. pallidostigmatica 10

C. gelatinosa 11

C. eugametos 12 11 C
C. indica 12

C. starrii 12

C. aculeata 13

C. pitschmannii 13

C. geitleri 14

C. pinicola 14

C. hindakii 14

C. terricola 14

C. monoica 14

noctigama 14

brannonii 15

texensis 15

I1
1I

© O NNNTO U R WW®ONNNN
Q

chlamydogama 11 C
moewusii 11 C
dorsoventralis 11
sphaerella 11
rosae 11
pulsatilla II
reginae 11
C. fimbriata 11

AN N00000




Chlamydomonas cell walls and degrading enzymes 257

Table 3. Grouping of algae in the order Volvocales on the basis of cell walls and

their degrading enzyme specificities.

Family Species

ROBERTs ¢t al. MATSUDA et al.
(1982) (1987a)

Astrephomenaceae

Astrephomene gubernaculifera

>

Volvocaceae

Phacotaceae

Chlamydomonadaceae

A. perforata

Gonium multicoccum

G. octonarium

G. pectorale

G. quadratum

G. sacculiferum

G. sociale

Pandorina morum
Volvulina steinii
Eudorina elegans
Pleodorina california
Volvox aureus

V. carteri
Stephanosphaera pluvialis
Dysmorphococcus globosus
Phacotus lenticularis
Pteromonas angulosa
Haemotococcus lacustris

Carteria crucifera

11
11

B wwEw > > >

o000 wow

C. eugamelos

Chlorogonium elongatum 11

C. euchlorum
Polytoma uvella

Lobomonas piriformis v

Pyrobotrys casinoensis

Spondylomoraceae
Polyblepharidaceae

Pedinomonas minor

Dunaliella salina

11

aQ

11
II

@]

ol oo NNe!

crystal structure (class I). Interestingly,
the class I structure is typical of some
colonial volvocacean algae, Pandorina,
Eudorina and Volvox (Table 3). C. asym-
metrica belongs to class III, while Lobomonas
piriformis has the class IV structure. That
C. reinhardtii and Volvox are more closely
related than C. eugametos is also indicated
by biochemical and morphological analyses
of the cell walls (RoBerTs 1974; MUSGRAVE
et al. 1983 ; GoopeEnouGH and HEuUseR 1985;
ApAIR et al. 1987). In addition, a recent
hybridization experiment by ADAIR e al.
(1987) showed that hybrid walls are ob-
tained when a chaotropic salt-soluble ex-

tract from Volvox carteri is incubated with a
salt-insoluble fraction (i.e. the inner wall
layer) from C. reinhardiii and vice versa,
whereas no interspecific assembly occurs
between C. reinhardtii and C. eugametos.

In order to further investigate the re-
lationships between the cell wall glycopro-
teins of Chlamydomonas and between those of
related algae, ROBERTS et al. (1985b) raised
a rabbit antiserum to one (termed B2; 270
kDa) of the major glycopolypeptides of the
C. reinhardtii cell wall. Western blotting
analysis showed that the antiserum cross-
reacts with the cell wall of C. angulosa (class
I) and Lobomonas (class 1V), but does not



258 MaTtsupa, Y.

bind to the glycoproteins from the cell walls
of C. moewusii (class II) or C. asymmetrica
(class III). An indirect immunofluores-
cence study showed that the cell walls of
Volvox aureus, Eudorina elegans, Pandorina
morum and Gonium pectorale all fluoresce
brightly with the antiserum (ROBERTs et al.
1985b). MaATsupa et al. (1987a) extended
the immunofluorescence study using more
than 40 species belonging to six families in
the Volvocales (Tables 2 and 3). Among
15 species of Chlamydomonas, C. globosa, C.
incerta, C. smithii, C. cribrum, C. komma and
C. angulosa are labeled strongly with anti-
glycopeptide B2, while others show no or
weak cross-reactivity with the antibody. The
antibody also cross-reacts strongly with the
cell walls of a unicellular alga belonging to
the Phacotaceae (Dysmorphococcus) and many
colonial algae belonging to the Volvocaceae
(Gonium, Pandorina, Volvulina, FEudorina,
Pleodorina, Volvox) and the Astrephomen-
aceae (Astrephomene). On the other hand,
unicellular algae, Haematococcus, Phacolus,
Carteria, Pteromonas, Polytoma, Chlorogonium
and Lobomonas, and colonial algae, Pyrobotrys
and Stephanosphaera all have cell walls that
do not react with the antibody (MAaTsupa
et al. 1987a). A similar pattern of labeling
was obtained when a polyclonal antiserum
raised against deglycosylated 2BII fraction,
which recognizes only the protein core of
2BII glycoprotein molecules (ROBERTSs ef al.
1985b), was used except that the cell wall
of C. angulosa cross-reacted with the anti-
deglycosylated 2BII much more weakly
than the anti-glycopeptide B2 (Matsuba et
al. unpublished data).

2. Hatching enzyme as a taxonomic marker

Hatching enzyme activity can be demon-
strated in all species of Chlamydomonas which
can be grown in synchronous cultures.
According to the group-specific action of
hatching enzymes, ScHLOsSER (1976, 1984)
has classified 65 strains of Chlamydomonas
into 15 groups (Table 2). For example,
C. reinhardtii belongs to group 1; a crude
solution of hatching enzyme from this alga

can dissolve the sporangial walls from all
algae of group 1 (C. globosa, C. inceria and
C. smithit), and vice versa, but cannot act on
those from algae of other groups. In most
cases, the mutual lytic action is restricted
to within the group, but there are some
exceptions: hatching enzymes from group
2 act non-reciprocally on all strains of group
1, and those from group 3 act on group 4
(ScHLOSSER 1976).

In Volvox, mature autocolonies escape
from the parental spheroid through the
enzymatic rupture of the peripheral somatic
cell layer (JAENICKE and WAFFENSCHMIDT
1979, 1981). JAENICKE and WAFFENSCH-
mipT (1981) have purified the hatching
enzyme from V. carteri and characterized it
as a protease with tryptic properties. The
enzyme has limited species specificity (V.
aureus is sensitive, V. africanus is less sensitive,
and V. dissipatrix and V. gigas are not
sensitive), and does not act on the cell wall
of C. reinhardtii wall.

3. Lytic enzyme as a taxonomic marker

In conjunction with the analysis of
antibody binding (see above), MATsuDA et
al. (1987a) have analyzed the sensitivity of
cell walls of a variety of members of the
Volvocales to lytic enzyme of C. reinhardtii.
In the genus Chlamydomonas, the lytic
enzyme acts only on the cell walls of all
algae of group 1 (see also SCHLOSSER et al.
1976), C. komma which belongs to group 2
according to ScHLOsser (1976), and C.
cribrum which belongs to class I according to
RoBERTs ef al. (1982) (Table 2). Among
other genera tested, the cell walls of Gonium
and Astrephomene are sensitive to the C.
reinhardiii lytic enzyme: their colonial
structures are broken into individual cells
by exposure to the enzyme, and protoplasts
are then formed. Formalin-fixed colonies
are also sensitive to the enzyme, suggesting
a direct action of lytic enzyme on the cell
wall lysis. Hatching enzyme of C.
reinhardtii appears to be unable to break up
the colonial structures of Gonium and
Astrephomene (MATSUDA et al. 1987a).
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If the sensitivity to lytic enzyme is com-
bined with the labeling with anti-cell wall
glycopeptide B2, the algae in the Volvocales
can be divided into three classes (Tables 2
and 3): class A organisms (six species of
Chlamydomonas including C. reinhardtii (C.
reinhardtii group), six species of Gonium and
two species of Astrephomene) whose cell walls
are sensitive to the enzyme and show a
strong cross-reactivity with the antibody,
class B organisms (C. angulosa. Dysmorphococ-
cus, Pandorina, Eudorina, Volvulina, Pleodorina
and Volvox) whose cell walls are resistant to
the enzyme, but show a strong cross-
reactivity with the antibody, and class C
organisms (many other species of Chlamydo-
monas,  Carteria, Chlorogonium,  Polytoma,
Haematococcus, Lobomonas, Phacotus, Ptero-
monas, Stephanosphaera and Pyrobotrys) whose
cell walls are resistant to the enzyme and
show no or weak cross-reactivity with the
antibody. Since lytic enzyme digests the
inner wall layer of the Chlamydomonas cell
wall while antibody will recognize the outer
layers (see above), the cell walls of the class
A organisms might be similar in chemical
composition and arrangement of compo-
nents to those of C. reinhardltii itself.

Taken together, all lines of evidence sug-
gest that the members in the genus
Chlamydomonas are composed of phylogeni-
cally diverse groups. For example, C.
reinhardiii which belongs to group 1 appears
to be closely related to other members in
the same group and group 2, but distantly
related to many other algae (e.g. C.
eugametos) in other groups. Moreover, C.
reinhardiii and its relatives (the C. reinhardtii
group) are on the evolutionary line leading
to the multicellular of the
Volvocales (ROBERTs et al. 1982; MATsuDA
et al. 1987a). MaTsupa et al. (1987a) have
proposed that there is an evolutionary
sequence from a C. reinhardtii-like ancestor

members

to the colonial algae, Gonium and As-
trephomene (Fig. 5). There might also be a
line of evolution from an ancestor of the C.
reinhardtii to the volvocacean algae (except

SINGLE FORM COLONIAL FORM

Dysmorphococcus

|Gonium| |Astreghomene
| I

Chlamydomonas
reinhardtii-
like ancestor

Pandorina Pleodorina
Volvulina Volvox
Eudorina

G, reinhardtii

group

Fig. 5. Schematic representation of evolu-
tionary lines from a C. reinhardtii-like ancestor to
unicellular and colonial algae in the Volvocales.

Stephanosphaera) because of the similarities of
the structure and chemical composition of
their cell walls (Fig. 5). These phylogenic
relationships agree well with those suggested
from  microscopically visible features
(FuLTon 1978a; Nozaki 1986). The pattern
of cell cleavage in Gonium (specifically, G.
pectorale and G. octonarium) and Astrephomene
is a parallel-type, whereas that in Pandorina,
Volvulina, Eudorina, Pleodorina and Volvox,
which undergo inversion during the colony
formation, is a rotational-type (Pocock
1953; SteEIN 1958a, b; GeriscH 1959;
GoLDSTEIN 1964; STArRrR 1969; FurLTON
1978b; Nozakr 1983, 1986). Stephanosphaera
shows a radial-type cleavage (HIERONYMUS
1884). Furthermore, every cell in a colony
of Gonium and Astrephomene is surrounded by
the inner and outer layers of cell wall,
whereas in other volvocacean algae, the
outer layers do not cover over the individual
cells but surround the colonial surface as an
extracellular matrix (Furton 1978a;
Nozaki 1986; Nozakr et al. 1987).

The cell walls and their degrading
enzymes will constitute very important
taxonomic keys in future studies to in-
vestigate more detailed phylogenic re-
lationships between chlamydomonads and
other members of the Volvocales.
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non member. Lack: Vol. 1, Nos. 1-2; Vol. 4, Nos. 1, 3; Vol. 5, Nos. 1-2; Vol. 6-Vol. 9, Nos. 1-3 (incl.
postage, surface mail).

2. Index of the Bulletin of Japanese Society of Phycology. Vol. 1 (1953)-Vol. 10 (1962) Price
2,000 Yen for member, 2,500 Yen for non member, Vol. 11 (1963)-Vol. 20 (1972). Price 3,000 Yen for member,
4,000 Yen for non member. Vol. 1 (1953)-Vol. 30 (1982). Price 4,000 Yen for member, 5,000 Yen for non
member (incl. postage, surface mail).

3. A Memorial Issue Honouring the late Professor Yukio Yamada (Supplement to Volume 25, the
Bulletin of Japanese Society of Phycology). 1977. xxviii-+418 pages. This issue includes 50 articles (26 in
English, 24 in Japanese with English summary) on phycology, with photographies and list of publications of
the late Professor Yukio Yamapa. ¥ 8,500 (incl. postaeg, surface mail).

4. Contributions to the Systematics of the Benthic Marine Algae of the North Pacific. Edited
by LA AssorT and M. Kurocr, 1972. xiv-+280 pages, 6 plates. Twenty papers followed by discussions are
included, which were presented in the U.S.-Japan Seminar on the North Pacific benthic marine algae, beld in
Sapporo, Japan, August 13-16, 1971. ¥ 5,000 (incl. postage, surface mail).

5. Recent Studies on the Cultivation of Laminaria in Hokkaido (in Japanese). 1977. 65 pages.
Four papers followed by discussions are included, which were presented in a symposium on Laminaria, sponsored
by the Society, held in Sapporo, September 1974. ¥ 1,200 (incl. postage, surface mail).
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