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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
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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-
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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.

30
Total
"o
s
(&]
o
; 20 1
N E80%/, MeOH-
S soluble
(8]
g 10}
a
Insoluble
————— A’””
0 1 1 1 i
01 2 5 10

Minutes in the light

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.
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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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Fig. 7. Percentage distribution of 4C in-
corporated in individual products versus time of
dark CO,-fixation without preillumination. Data
are from the experiment described in Fig. 5. ¢,
glycine+-serine; (, unknown compounds, others
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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Fig. 9. Effect of oxygen concentration on the distribution of #C incorporated in individual products
during 5-min photosynthetic 4CO, fixation. Data are from the experiment described in Fig. 8. Symbols:
Ala, alanine; Asp, aspartate; Glu, glutamate; PGA -+ Sugar-P, PGA +sugar phosphates; Ser+Gly, serine+
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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).
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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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