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Heterosigma akashiwo Hapa, Raphidophyceae, which causes heavy red tides in Osaka
Bay, Japan, was obtained in axenic clonal culture by micropippette washings. The growth
characteristics of the strain were examined. The optimum growth rate was obtained at
temperatures of 15-25° C, salinities of 9-30%., and light intensities above 0.034ly-min~?,
and throughout the pH range examined (7.3-8.4). Nitrate and ammonium served as good
nitrogen sources. Urea was not so well utilized as nitrate and ammonium, and the amino
acids examined were not utilized at all. The minimum cell quota of nitrogen and the
nitrate assimilation rate were 1.44 pmol-cell™! and 0.29-1.6 pmol-cell-!-day~!, respectively.
As a phosphorus source, only orthophosphate was utilized. The minimum cell quota of
phosphorus and the phosphate assimilation rate were 95 fmol-cell~! and 8-120 fmol-cell!-
day™!, respectively. Iron and vitamin B, were essential for growth. These character-
istics were compared with those of the other strains of H. akashiwo, the Fukuyama strain

(Iwasaki et al. 1968), the Gokasho strain (Iwasaki and Sasapa 1969) and the Naragansett
strain (Tomas 1978, 1979, 1980). The alga called “H. akashiwo” is composed of at least

three physiologically and ecologically different races.
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The marine raphidophycean flagellate,
Heterosigma akashiwo HADA has been known
as a causative organism of red tides in vari-
ous areas of the coastal water of Japan. In
Osaka Bay, this species occurs as a summer
red tide. This red tide sometimes produces
a harmful effect on fish and causes local
inhabitants and fishermen to complain, be-
cause they are inclined to believe that the
occurrence of the red tide is due to domestic
or industrial pollution.

As mentioned by IwASAKI (1979), because
a red tide is a special event in natural phy-
toplankton succession, more attention should

be paid to the mechanisms controlling this
succession. The abundance of phytoplankton
in nature is regulated by a multitude of
environmental factors such as nutrients,
light, temperature, salinity, and grazing.
Understanding these complex processes in
both qualitative and quantitative terms is
the ultimate objective in order to predict
and control red tide outbreaks. In culture
experiments, these environmental factors are
reduced to a manageable number and can
be investigated under defined conditions. The
knowledge gained from a series of physio-
logical studies on some red tide algal species
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(IWASAKI et al. 1968, IWASAKI and SASADA
1969, IwAsAKI 1969, 1971a, b, 1973) revealed
that such studies are indispensable in ex-
plaining the most basic question about a red
tide: what factors lead to mono-species
patches of red tide organism.

The growth characteristics of H. akashiwo
and its allied organisms have been studied
using the strains obtained from the Fuku-
yama coast, Japan (IWASAKI et al. 1968;
named Entemosigma sp. and thereafter trans-
ferred to H. akashiwo), from the Gokasho
Bay, Japan (IwAsakl and SaAsADA 1969;
named H. inlandica), and from the Nara-
gansett Bay, Rhode Island, the U.S.A.
(Tomas 1978, 1979, 1980; named Olistho-
discus luteus). Recently, it was pointed out
that these strains were morphologically con-
specific and should be treated under the
name of H. akashiwo HADA (HARA, personal
communication). Some physiological dif-
ferences, however, were observed between
the Fukuyama strain and the Gokasho strain
(IWASAKI et al. 1968, IwAaSAKI and SASADA
1969, Iwasakri 1979). It therefore seems
likely that H. akashiwo is composed of
several physiolocal races.

In the present study, as one of a series of
studies aimed at defining the mechanisms of
red tide outbreaks of H. akashiwo in Osaka
Bay, culture experiments were carried out
to determine the effects of physico-chemical
factors, such as temperature, salinity, light
intensity and pH, and of nutrients on the
growth of H. akashiwo from Osaka bay.

Materials and Methods

A crude culture strain of H. akashiwo was
isolated in August, 1979 from Tanigawa
Fishing Port, Osaka Bay, Japan. A clonal
axenic culture strain (OHE-1) was obtained us-
ing the sterile micropipette washing method.
Modified ASP-7 medium (Table 1) was used
as the basal medium. This was sterilized
by autoclaving (120°C, 20 min.). The culture
vessels were 500 m/ Erlenmeyer flasks con-
taining 200 m/ of the medium. All cultures
were inoculated with living cells to a con-

centration of 500-1,000 cells-m/~! and incu-
bated in growth chambers having a photo-
period of 12:12 LD (lights on at 0800 and
off at 2000). -

The effects of temperature, light intensity,
salinity and pH on the growth of this strain
were examied. Growth was measured from
changes in cell number by counting living
cells using a 1 m/ counting chamber of the
Sedwick-Raftor type (Fujimoto Co.). As cell
division occurs between 0500 and 1100 (WA-
TANABE et al. in prep.), counts were made
at 1300 or 1400 on consecutive days for up
to 8 days. After day 8, counts were made
at about 3 day intervals until the growth
reached a stationary phase. The relative
growth constant (k) in the exponential phase
was calculated by the least squares fit of :

In N=In No+ kt 1)

where No=initial cell concentration; N=
cell concentration after ¢ days from inocula-
tion.

Nutrient utilization in this strain was
studied. The growth yield was measured
by counting cell numbers using an Improved
Neubauer Haemocytometer 3 weeks after
inoculation. The organism was precultured
once in medium lacking the compound to be
tested. The experiments determining the
minimum cell quota and assimilation rate of
nitrogen and phosphorus were conducted
using 500 m/ Erlenmeyer flasks with 200 m/
of nitrate limited medium (about 50 M
nitrate) or phosphate limited medium (about
10 uM orthophosphate). Diel changes of
ambient nitrate and phosphate concentra-
tions were determined from glass fiber fil-
tered samples using a Technicon Autoana-
lyzer A-II. Cell counts were made by the
same method followed in measuring growth
rate. The cell quota of nitrogen or phos-
phorus at time ¢ was obtained by the fol-
lowing equation:

_ 5,—S

where g=cell quota at time ?; S=ambient
nitrate or phosphate concentration at time
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t; Sr=total nitrogen or phosphorus concen-
tration, which was calculated from the equa-
tion, Sr=So0+No-g, (So=initial nutrient
concentration; ¢,=minimum cell quota); N
=cell concentration at time {. The mini-
mum cell quota (g,) was obtained by the
equation (2) when the ambient nitrate or
phosphate concentration became undetectable
and the terminal cell concentration was ob-
tained. The nitrate or phosphate assimila-
tion rate was measured from:

dInN | dg

VRO Tar ®

where v=assimilation rate of nitrate or phos-
phate. All of these nutritional studies were
done at temperature of 20+1°C and a light
intensity of 0.04ly-min-.

In all experiments, a bacteria-free check
was done using STP medium (PROVASOLI
et al. 1957).

Results

Effect of temperature: Growth at dif-
ferent temperatures was examined at a light
intensity of 0.041y-min-!. The results are
shown in Fig. 1. Growth occurred at all
temperatures examined. At temperatures
from 10 to 30°C, a 3-fold difference in growth
rates (k=0.2—0. 64 day~') were observed as
well as a 12-fold difference in cell concentra-
tion (0.25—3x%10°cells-m/~!). The optimal
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Fig. 1. Growth of H. akashiwo at different
temperatures. (O: Growth rate. A: Cell con-
centration.

growth rate was observed at temperatures
of 15—25°C (k=0.64day~!). At temperatures
of 30 or 10°C, the growth rate was drasti-
cally reduced. The terminal cell concentra-
tion had a maximum value of 3Xx10°cells-
m{~! at 15—20°C and declined thereafter
with decreasing or increasing temperatures.
Effect of salinity: Growth at different
salinities was tested at 20+1°C and 0.04ly-
min~! by varying the total amount of the
major salts (NaCl, MgSO,-7H,0, KCl and
CaCl,-2H,0) of the basal medium without
changing the ratios of these salts. The
results are shown in Fig. 2. Growth was ob-
served throughout the salinity range tested.
The growth rate and cell concentration were
maximum (0.64 day~! and 3Xx10°cells-mi,
respectively) at salinities of 9-30%0, and de-
clined thereafter with increasing salinity.
Effect of light intensity: Growth at dif-
ferent light intensities was examined at 20
+1°C. In this experiment, the upper portion
of culture flasks were covered with black
paper and light was supplied from the bot-
tom of the flasks. Different intensities of
light were obtained by neutral density screen-
ing. The light intensity at the inside of
culture flasks was measured by an under-
water spherical (4r collector) quantum sensor
(Bio-spherical Instruments, Inc., San Diego,
U.S. A. model QSL-100) with a non selective
response to quantum flux between 400-700
nm. The results are shown in Fig. 3.
Growth was recognized at light intensities
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Fig. 2. Growth of H. akashiwo at different

salinities. O : Growth rate. A : Cell concentration.
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Fig. 3. Growth of H. akashiwo at different

light intensities. (: Growth rate. A: Cell con-
centration.
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Fig. 4. Growth of H. akashiwo at different pH.
QO: Growth rate. A: Cell concentration.

above 0.022ly-min~' and growth rate and
cell concentration were maximum (0.65 day~*
and 3X10°cells-m/~, respectively) above
0.034 1y min~2.

Effect of pH: Growth at different pHs
was examined at 204-1°C and 0.04 ly -min-%
Within the range of pH 7.3—8.4, the final
pH of cultured media changed very slightly
from the initial pH (within 0.03 pH units).
At pHs higher than 8.5, however, cultured
media contained precipitation and showed
considerably different pH values from the
initial ones. Only the results of experiments
carried out at pH 7.3—8.4 are shown in Fig.
4. The growth rate and cell concentration
were maximum (0.63 day~! and 3Xx10° cells-
m/~!, respectively) at these pH values.
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Fig. 5. The effect of nitrogen sources on the
growth yield of H. akashiwo.

Utilization of nitrogen sources: As in-
organic nitrogen sources, both nitrate (as
NaNQ;) and ammonium (as NH,Cl) were
examined. Both compounds served as good
nitrogen sources (Fig. 5). A maximum cell
concentration of 4.5X10°cells-ml~* was ob-
tained using above 1 mM nitrate and at 1
mM of ammonium. Growth was slightly
inhibited at 2mM of ammonium, but not
with the same concentration of nitrate. As
organic nitrogen sources, urea and 3 kinds
of amino acids (glycine, D.L.- alanine and
L-glutamate) were examined. The medium
containing urea was sterilized by membrane
filtration (Milipore, 0.45¢m HA). Urea was not
utilized as effectively as nitrate and ammo-
nium (cf. Fig.5), and the amino acids were
not utilized at all.

The experiment on nitrogen utilization
was followed over an 8 day period in a
nitrate limited medium with 57.4 uM of
NaNQ;. The results are shown in Fig. 6.
Ambient nitrate was depleted after day 5,
but cells increased up to day 7. The ter-
minal cell concentration was 4.0Xx10* cells-
m/~!. From the equation (2), the minimum
cell quota of nitrogen was obtained as 1.44
pmol-cell™* (=20.16 pg-N-cell™!). The cell
quota ranged from 1.44 to 2.12 pmol-cell™!
and the nitrate assimilation rate from 0.29
to 1.6 pmol-cell-*-day~!. The highest values
were obtained at day 4, when cells were
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Fig. 7. The effect of phosphate on the growth
yield of H. akashiwo.

actively growing.

Utilization of phosphorus sources: As
phosphorus sources, glycerophosphate (-
Na,C,H4(OH),PO,-5H,0) and orthophosphate
(NaH,PO,-2H,0) were tested. Growth was
observed only in orthophosphate. A maxi-
mum cell concentration of 3X10° cells-mi~!
was obtained using above 30 uM of phos-
phate (Fig. 7).

The experiment on phosphorus utilization
was followed over a 10 day period in a
phosphate limited medium with 5.1 pM of

NaH,PO,-2H,;0. The results are shown in
Fig. 8. Ambient phosphate was depleted
after day 6, but cells increased up to day 8.
The terminal cell concentration in this cul-
ture was 5.8X10* cells-m/~*. The minimum
cell quota of phosphorus was obtained as 95
fmol-cell"®. The cell quota ranged from 95
to 220 fmol-cell-! and the phosphate assimi-
lation rate from 8 to 115 fmol-cell-*-day~.
The highest value weres obtained at days
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Fig. 8. Changes of ambient phosphate concentra-
tion in medium (@), cell concentration (O), Vp:
phosphate assimilation rate (A), and cell quota
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Fig. 9. The effect of iron on the growth yield
of H. akashiwo.
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1-3, when cells were actively growing.

Trace matal requirement: Trace metal
requirements were examined for iron, man-
ganese, cobalt and zinc. Among them, only
an iron requirement was detected. A maxi-
mum cell concentration of about 4 X 10° cells-
m/~! was obtained using 10 and 20 M of
iron (Fig. 9).

Vitamin requirement: Vitamin require-
ments were tested for vitamin B,, and
vitamin mix S; of Provasoli (cf. Table 1),
which contains thiamine, biotin and 7 other
vitamins. It was found (Fig. 10) that only

Table 1. Composition of ASP-7 modified medium.

NaCl 25.0g NTA 70.0 mg
MgSO0,-7H,0 9.0g Na;EDTA-2H,0 30.0 mg
KC1 0.7g  FeCl3:6H,0 1.9mg
Caclp-2H,0 0.3g CoSO,-7H:0 28.0 pg
NaNO, 50.0 mg ZnSO,-7H,0 l.4mg
NaH,PO,-2H,0 20.0 mg MnCl;-4H,0 1.0 mg
Na,SiOs-9H,0 10.0 mg HBO; 34.0mg
Vitamin By, 1.0 ug H,0 1000.0 m!
Vitamin mix Sg* 10.0m/ pH 8.0
TRIS 1.0g

* One m! of vitamin mix S; contains biotin: 0.1
pug, thiamine: 50 pg, nicotic acid: 10 pg, Ca
panthothenate: 10 ug, p-amino benzoic acid: 1
pg, inositol : 0. 5mg, folic acid: 0.2 pg, thimine:
0.3mg (ProvasoL1 1963).
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Fig. 10. The effect of vitamins on growth
yield of H. akashiwo.

vitamin B,, was essential for growth, while
the other vitamins were not. No stimulative
effect was recognized when vitamin mix S,
was added to the medium containing 1 pg-
{7 of vitamin B,,.

Discussion

As shown in Results, the Osaka strain
used in the present study was eurythermal
and euryhaline. This feature has been ob-
served in most red tide flagellates (IWASAKI
1979). The light intensity above which the
maximum growth could be obtained was
0.0341y-min~!. This .value is lower than
the values for Dunaliella tertiolecta (0.15
ly -min™t), Amphidinium carteri (0.1 ly-min~?)
and Skeletonema costatum (0.075 1y -min~?) re-
ported by JITTS et al. (1964). This suggests
that H. akashiwo has the ability to form dense
populations even in turbid coastal waters
of low light intensity. Maximum growth
was observed throughout the pH range tested
(7.3-8.4). Either nitrate or ammonium served
as a good nitrogen source for the Osaka
strain, as reported for most algal species
(IwAasAKI 1979). On the contrary, urea was
not utilized as effectively as nitrate and
ammonium, and amino acids did not seem
to serve as nitrogen sources. As to the
phosphorus source, only orthophosphate was
utilized. Although it has been reported that
glycerophosphate was utilized for almost all
red tide flagellates (MAHONEY and Mc-
LAUGHLIN 1977, IwASAKI 1979), glycerophos-
phates was not utilized by this strain. It is
probable that this strain does not have al-
kaline phosphatase activity. Asshown in the
nitrate and phosphate utilization experi-
ments, the minimum cell quota of nitrogen
and phosphorus of this strain were 1.44
pmol-cell"! and 95 fmol-cell-?, respectively.
From this result, a N: P ratio of cell sub-
sistence is calculated as 15.2 and this value
is similar to the N: P ratios reported for
several phytoplankters (STRICKLAND et al.
1969, RHEE and GoOTHAM 1981). The cell
quota and assimilation rate of these two
nutrients showed daily changes. The values
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were high when cells were actively growing
and became low with a decreasing growth
rate. From this finding, it is suggested that
the cell quota and assimilation rate have a
close relationship to growth. This problem
will be analyzed in a future report on growth
kinetics under nitrate or phosphate limited
continuous culture. Both iron and vitamin
B,: were needed for the growth of this strain,
as reported for most red tide flagellates (IWA-
SAKI 1979). Although it has been said that
manganese and zinc were essential elements
for growth of alage (O’KELLEY 1974), this
strain showed maximum growth even when
these elements were not added. However,
trace amounts of manganese and zinc usually
appear as contaminants in commercial re-
agents of NaCl and MgSO,-7H,0, which are
the major salts of the modified ASP-7
medium. It is probable that these trace
amounts suffice for the growth of this
strain.

As mentioned before, physiological studies
on H. akashiwo have already been carried
out using Fukuyama strain (IWASAKI et al.
1968), Gokasho strain (IWASAKI and SASADA

1969) and Naragansett strain (TomAs 1978,
1979, 1980). Although the known charac-
teristics for the Osaka strain have not all
been examined in these strains, the existing
characteristics for these strains are com-
pared with those of the Osaka strain in
Table 2. As shown in the table, the Fuku-
yama strain is characterized by a preference
for low salinity at a narrow range and low
pH and utilization of organic phosphrus.
From this, it was suggested that the Fuku-
yama strain had the ability to form dense
populations in seawater with an enhanced
nutrient supply, low salinities and a low pH,
resulting from water washed from the land
after a heavy rainfall or from the discharge
of domestic waste or sewage (IWASAKI et al.
1968). The Gokasho strain is characterized
by a preference for a low salinity and a
high pH, a utilization of organic nitrogen
and phosphorus and a great growth enhance-
ment by purine and pyrimidine. From
this, the Gokasho strain seemed to be well
adapted to organically polluted waters hav-
ing high COD values, a low salinity and a
high pH (IwWASAKI and SASADA 1969). The

Table 2. Physiological characteristics of 4 strains

Strains Fukuyama strain Gokasho strain Naragansett strain
(Iwasaki et al. (Iwasakiand SAsapa (Tomas 1978, Osaka strain
Characteristics 1968) 5 1979, 1980)
Temperature
(Optimum) not examined not examined 15-25° C 15-25° C
Salinity (Optimum) 27%. 10-14%o 10-40%o 9-31%o

Light intensity
(Optimum)

pH (Optimum)

Utilization of
N-sources

Utilization of
P-sources

Utilization of
vitamins

not examined

7.5

NO;-N and NH,-N.
(Urea was uti-
lized.)

PO,-P and glycero-
phosphate.

Bz

(A little growth
enhancement by
vitamin mix Sg)

not examined
8.5-9.0

NOs-N and NH,-N.
(Urea, uric acid, as-
paragine and argi-
nine were utilized.)

PO,-P and glycero-
phosphate.
(Adenylic acid and
guanylic acid were
utilized.)

B12

(A great growth
enhancement by
purine and pyri-
midine.)

0.028 ly - min~1¢@
not examined

NOs—N and NHq-N.
(Minimum cell
quota of N: 24.00
pg-N-cell™)

PO,-P only.

(Alkaline phos-
phatase activity
was not detected.)

not examined

0.034 ly - min~1®
7.3-8.4

NO;-N and NH,-N.
(Urea was utilized.)
(Minimum cell quota
of N: 20.16 pg-N-
cell™?)

PO,-P only.

B12

a: optimum as photosynthetic activity. b:

optimum as growth rate.
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Naragansett and Osaka strains seem to
have similar physiological natures. They
are characterized by a wide tolerance of
different temperatures and salinities and no
ability of organic phosphorus utilization.
From this, it can be said that the Osaka
and Naragansett strains are ecologically less
favoured only in seawater containing insuffi-
cient inorganic phosphorus when compared
with the Fukuyama and Gokasho strains,
because of the inability of organic phophorus
utilization.

Thus it appears that the alga called “H.
akashiwo” is composed of at least three phys-
iologically different races and that these
differences are ecologically meaningful. Most
current phycologists seem to regard the
physiological characteristics of paticular
strains as minor differences which have no
relation with the species problem, relying
on the classical morphological species con-
cept. However, some reproductively iso-
lated populations (biological species) and
ecologically differentiated populations (eco-
species) have been recognized in a single
morphological species of algae and higher
plants (TURRESON 1922, 1925, WATANABE
1977, WATANABE and ICHIMURA 1978a, b,
1982, IcHIMURA 1981). It will be worthy to
analyze the differences observed among 4
strains of H. akashiwo from the view-point
of biological species concept (MAYR 1963).

In 1978, a five-modal pattern red tide out-
break of H. akashiwo in Osaka Bay was
observed (YAMOCHI unpub. data). First a
red tide of H. akashiwo occurred in early
June. Thereafter, the red tide occurred 4
times with intervals of 30-40 days until early
October. During the outbreak periods, the
temperature ranged from 20 to 27.5°C, the
salinity ranged from 13 to 33%, the pH
ranged from 8.0 to 84 and the light in-
tensity at the surface, where H. akashiwo
concentrates during the daytime by vertical
migration (WATANABE et al. in prep.), ranged
from 0.04 to 1.0 ly-min~* during the daytime.
The experimental results for the growth of
Osaka strain of H. akashiwo under these
conditions (%£=0.64-0.45day* and 1-3x10°

cells-m/~*) clearly indicate the potentiality
for the establishment of the H. akashiwo
bloom. Although these physico-chemical
factors appear to be major factors govern-
ing an H. akashiwo bloom, the five-modal
pattern of the red tide outbreak cannot be
explained by these factors alone. According
to Yamochi (unpub. data), a red tide bloom
of H. akashiwo occurred when the salinity
showed a tendency to decline. In nature,
changes of salinity imply not only those of
osmotic pressure, but also those of nutrient
concentration. The abundance cycle appears
to be affected by nutrient dynamics, because-.
osmotic pressure is considered to be optimal
for the growth of H. akashiwo. Unfortunate-
ly, the detailed nutrient dynamics in Osaka
Bay have not yet been elucidated. Based
on the present work, detailed field observa-
tions of this species should be made to assess
the causative factors regulating the red tide
outbreak of H. akashiwo.
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