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The effects of temperature, salinity and irradiance on the growth of the harmful red tide dinoflagellate
Cochlodinium  polykrikoides were examined wn the laboratory. From 60 different combinations
of temperature (10-30°C) and salinity (10—40) under saturated irradiance, C. polykrikoides
exhibited its maximum specific growth rate of 0.41 day~ " at a combination of 25°C and salinity
of 34. Optimum growth rates of >0.3 day™" were observed at temperatures ranging fiom 21 to
26°C and at salinities from 30 to 36. The organism did not grow at temperatures <10°C and only
grew at salinities >30 if the temperature was >15° C. It was able to grow n temperatures ranging
Jrom 15 to 30°C and at salinities from 20 to 36. These values closely resembled those observed for
this spectes in situ. It appears as if C. polykrikoides is a stenohaline organism that prefers high
salinities, indicative of offshore waters. Temperature had the greatest fluence on the growth rate,
Jollowed by salinity, and then the interaction between temperature and salimity. The optimum vrradiance
Jor growth was >90 pmol m™> s~ Photoinhibition did not occur at 230 pmolm™> s~ which was

the maximum irradiance used in this study.

INTRODUCTION

Blooms of the well-known dinoflagellate Cochlodinium
polykrikoides Margalef have caused mass mortalities of
aquacultured fish off the western coast of the island of
Kyushu, Japan, and the southern coast of Korea. In
Japan, the first recorded red tide of this organism occurr-
ed in the Yatsushiro Sea, Kumamoto Prefecture, in 1977
(Kumada et al., 1980). Since then, blooms have been
recorded frequently in the Yatsushiro Sea. Blooms also
occurred occasionally in the Harima Nada of the Seto
Inland Sea in the summer of 1986 (Yuki and Yoshimatsu,
1989) and in Uragami Bay, Wakayama Prefecture, in
1996 (T. Takeuchi, personal communication). Along the
coast of the island of Kyushu, red tides recently occurred in
the Ariake Sea off Kumamoto Prefecture, Imari Bay off
Nagasaki Prefecture and Inokushi Bay off Oita Prefecture.

In the summer of 2000, a massive bloom of this organism
in the Yatsushiro Sea caused damage costing ~US$36.4
million.

In Korea, C. polykrikoides is the most prevalent dinoflag-
ellate responsible for fish kills (Chang and Kim, 1997).
The first red tide was recorded in southern Korea in
1982, and they have occurred frequently since 1989 (Kim,
1998). An extensive red tide in the summer of 1995 caused
particularly heavy mortalities of aquacultured fish, which
amounted to a loss of ~US$95.5 million (Kim, 1997).

Blooms of C. polykrikoides have also occurred in Phos-
phorescent Bay in Puerto Rico (Margalef, 1961), in
Puerto Quetzal in Guatemala (Rosales-Loessener et al.,
1996), in Quanshou Bay in China (Du et al., 1993), and
in Manzanillo Bay (Morales-Blake and Hernandez-
Becerrill, 2001) and the Gulf of California in Mexico
(Garate-Lizarraga et al., 2000). Cochlodinium polykrikoides
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blooms appear to occur in limited areas, which include
the temperate region of East Asia and the subtropical
region of Central America. Because these blooms obvi-
ously damage fisheries, the outbreak mechanism of the
blooms needs to be clarified.

The growth features of Rarenia mikimotoi, Chattonella
antiqua, Chattonella marima and Helerocapsa circularisquama
(which have been associated with kills of fish and
shellfish) have already been investigated (Yamaguchi and
Honjo, 1989; Yamaguchi ez al., 1991, 1997). The physio-
logical features of C. polykrikoides, however, have not yet
been investigated. In this study, we examined the effects
of temperature, salinity and irradiance on the growth of
C. polykrikoides under nutrient-replete laboratory conditions.

METHOD

Organism and culture conditions

A strain of C. polykrikoides was 1solated from Furue Bay
(33°23/'N, 129°33'E), Nagasaki Prefecture, in January
2000. An axenic culture was obtained through repeated
washing using capillary pipettes. The sterility tests were
carried out using f/2pm medium (Andersen et al., 1997)
and fluorochrome 4,6-diamidino-2-phenylindole stain-
ing (Porter and Feig, 1980). Silicate was eliminated from
an {/2 culture medium (Guillard, 1975) and aged sea
water of the Tsushima Current (salinity of 34) was used
as the culture medium. The culture was maintained at
25°C under 130 pmol m 2 s™' cool-white fluorescent
llumination on a 12 h:12 h light:dark cycle.

Temperature and salinity experiments

The growth experiments were conducted in a crossed
factorial design with 60 different combinations of six
temperatures (10, 15, 20, 25, 27.5 and 30°C) and 10
salinities (10, 15, 20, 25, 30, 32, 34, 36, 38 and 40).
Salinities <34 were prepared by diluting aged sea water
with de-ionized water (Milli-Q ; Millipore), and salinities
>34 were prepared by evaporating sea water in a drying
oven at 50°C. To decrease shock of the inocula due to
a change in temperature and salinity, cultures were
pre-acclimated to the desired experimental conditions
by stepwise transfer over a period of 1-2 months
according to the method outlined by Yamaguchi and
Honjo (Yamaguchi and Honjo, 1989). If transferred cells
did not grow in the experimental regime, the growth
experiment was not carried out, and the growth rate at
the temperature and salinity regime was regarded as
zero.

Acclimated stock cultures were inoculated into three
identical PP-capped test tubes (o 18 x 160 mm; Iwaki
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Glass Co. Ltd), each containing 10 ml of modified
/2 medium (Guillard, 1975) without silicate for each
experimental regime. All test tubes were inoculated with
~50 cells ml™" and were gently shaken twice every day
to prevent algal aggregation by mucus production. Every
1-2 days, 200-500 pl of the sample were fixed in a
Lugol’s iodine solution. Optical microscopy was used to
determine the growth phase by counting the cells using
a Sedgwick-Rafter counting chamber. The specific
growth rates (11; day ') of samples determined to be in
the exponential growth phase were calculated according
to Guillard (Guillard, 1973) by least squares fit of a
straight line to the data after they had been logarith-
mically transformed.

Light experiments

The pre-culture was carried out at 25°C, 230 pmol m Zs!

under cool-white fluorescent illuminations on a 12 h:
12 h light:dark cycle. The cultures were inoculated with
~50 cells ml™" in three identical PP-capped test tubes
(0 18 x 160 mm) containing 10 ml of the modified {/2
medium and were gently shaken twice every day. The
12 different irradiances (10, 30, 50, 70, 90, 110, 130,
150, 170, 190, 210 and 230 pmol m ? s ') were
obtained by wrapping the test tubes with UV-absorbing
vinyl screens. Irradiance was measured by wrapping the
receiver sensor with different UV-absorbing vinyl
screens using a quantum light meter (Model LI-189;
LI-COR Biosciences). Growth rates in the exponential
growth phase were calculated as described above. The
following formula, modified from Lederman and Tett
(Lederman and Tett, 1981), was used to describe the
relationship between growth rate and irradiance:

-1,

Ks — 1) + (I — L)
I1—1

I+(Ks—2]0)
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where p is the specific growth rate (day '), p, is the
maximum specific growth rate (day '), 7is the irradiance
(umol m 2 sfl), Iy is the compensation irradiance
(umol m™? s7") and Ky is the irradiance at ,,/2 (half-

saturation light intensity).

Statistical analysis

Analysis of variance (ANOVA) was used to determine
the effects of temperature and salinity on the growth
rate. Cubic polynomial equations were determined
based on the ANOVA results (Yamaguchi and Honjo,
1989; Yamaguchi et al, 1991, 1997; Ellegaard et al.,
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1993). The computer application SPSS 11.0] for Windows
(SPSS, Chicago, IL, USA) was used for the statistical

analysis.

RESULTS

Effect of temperature and salinity on growth

Growth of the organism was not observed at tempera-
tures <10°C, but was observed at salinities >30 at 15°C
(Figure 1A). Dependent on the salinity, C. polykrikoides
grew at temperatures >20°C. The maximum growth
rate (0.41 day ') was obtained at 25°C and a salinity
of 34. In addition, specific growth rates >0.3 day '
occurred when the combinations of temperature and
salinity were from 21 to 26°C and between 30 and 36,
respectively.

A two-factor ANOVA indicated significant effects of
temperature and salinity on the growth rates of C. poly-
krikodes at the 0.1% level. Sixty-five and 21% of total sum
of squares were accounted for by the sum of squares for
temperature and salinity, respectively (Table I).
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Fig. 1. Response surface contour plots of (A) specific growth rate
(day~ ") and (B) percent of C. polykrikoides as a function of temperature
and salinity.

EFFECTS OF TEMPERATURE, SALINITY AND IRRADIANCE ON C. POLYKRIKOIDES

On the basis of the ANOVA results, cubic equations
of the form:

n= [700 + b10T+b01S+b11TS+ +b50T% +b03$3
(2)

where [ is the specific growth rate, 7 is temperature, S is
salinity and b,,, are regression coefficients, were fitted by
the stepwise forward regression method. The multiple
regressions of the specific growth rate of C. polykrikoides
on temperature and salinity obtained were as follows:

p=0.946 — 0.1777 — 0.04748 + 0.0121872
+0.002674552 — 0.00023757 % — 0.00004003.5°

This regression equation provided a good fit to the
observed data (as shown in Table II); the adjusted R’
value is 0.82. A response surface contour plot is shown in
Figure 1B. The range of temperature and salinity com-
prising 90-100% of optimum is found at 21.3-26.2°C
and 27.6-36.7, respectively.

Effect of irradiance on growth
-1

Cochlodinium polykrikoides did not grow at 10 pmol m %5,
and the growth rate at 30 pmol m ™2 s~ was 0.12 day '
(Figure 2). Growth of the organism saturated at 90
umol m~? s~'. The optimum irradiance for growth
was >90 pwmol m~? s~'. Photoinhibition did not occur
at 230 pmol m™? s ', which was the maximum irradi-
ance used in this study. The following hyperbolic

equation described the exponential growth phase:

I —10.38

—035 -—°
H 1+ 2431

The compensation irradiance (I) was 10.38 pmol m™?s™ ",
The maximum growth rate (W) and half-saturation irra-
diance (Kg) were 0.35 £ 0.06 day ' and 45.06 4= 0.22 pmol
257! respectively.

m ~s

Table I: Summary of ANOVA of growth rate of C. polykrikoides as a_function of temperature

and salinity

Source of variation d.f. Sum of squares Mean square F
Temperature 0.495 0.099 42.758***
Salinity 0.158 0.017 7.507***
Error 45 0.105 0.002

Total 59 0.758

***P < 0.001.
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Table II: Statistical testing and standard errors for the parameters of the model for the influence
of temperature (T) and salinaty (S) on growth rate

Parameter Estimate SE t-statistic
Intercept 0.94597622 0.28922 3.271%*
T -0.17701511 0.04225 —4.189%***
S -0.04740523 0.02129 -2.227*
TT 0.01218113 0.00224 5.449%**
SS 0.00267454 0.00090 2.971%*
TTT -0.00023757 0.00004 —-6.390%***
SSS -0.00004003 0.00001 —-3.394***

*P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 2. Specific growth rate (day ") of C. polykrikoides as a function of

light intensities at constant temperature and salinity. Bars represent the
standard deviation (n = 3). The point in parentheses was omitted to
calculate the rectangular hyperbola equation.

DISCUSSION

Ecologically, there are three aspects common to red
tides. First, there is an increase in population size, called
initiation. Secondly, there is support, e.g. suitable envir-
onmental conditions such as temperature, salinity, nutri-
ents and growth factors, and finally, the maintenance and
transport of blooms by hydrologic and meteorologic forces
(Steidinger, 1975). An understanding of the life cycle and
population growth of the causative organism 1s important
to elucidate the outbreak mechanisms of red tides.

The results of growth experiments of C. polykrikoides at
various temperature and salinity combinations indicated
that the growth of the organism was dependent on the
temperature and salinity. The maximum growth rate
(0.41 day™ ") was obtained at 25°C and a salinity of 34
(Figure 1). These results on optimum temperature and
salinity for C. polykrikoides were much higher than for the
representative red tide species in western Japan, except for
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H. circuarisquma at 30°C and salinity of 30 (Yamaguchi
et al., 1997). The optimum values of temperatures and
salinities were obtained for Ch. antiqua at 25°C and 25,
respectively (Yamaguchi et al., 1991), for Ch. marina at
25°C and a salinity of 20 (Yamaguchi et al., 1991), for
Ch. verruculosa at 15°C and a salinity of 25 (Yamaguchi
et al., 1997), for K. mikimotor at 25°C and a salinity of 25
(Yamaguchi and Honjo, 1989), and for Gymnodinium
catenatum at 25°C and a salinity of 30 (Yamamoto et al.,
2002). Therefore, these results indicate that C. polykri-
koides grows best in the higher temperatures and salinities
present in summer, predominating over other species in
such conditions. In addition, it can be inferred that this
species originates from habitats with high temperature and
salinity, such as subtropical or tropical waters.

Ranges of temperatures and salinities during the red
tide period of C. polykrikoides are summarized in Table II1.
Many blooms occurred within the optimal temperature
and salinity ranges of 21-26°C and 30-36. Blooms in
Inokushi Bay (18.9-20.3°C) and Uragami Bay (16-22°Cl)
occurred in lower than optimal temperature ranges.
However, Inokushi Bay and Uragami Bay are both
isolated and may have different strains of C. polykrikoides
having different physiological features.

The strain used for the laboratory study was isolated
from seawater at 14.7°C from Furue Bay in January
2000. Furthermore, this species did not grow at tem-
peratures <10°C, and only little growth occurred at
15°C. Kim et al. reported hyaline cysts of C. polykrikoides
(Kim et al., 2002). However, these results and the results
from Table III, which show that C. polykrikoides red tides
were observed in water temperatures of 16-29°C in the
field, suggest that vegetative cells of C. polykrikoides can
overwinter where water temperatures >14-15°C are
maintained during the winter season.

The salinity range for optimal growth (>0.3 day ')
was 30-36. When the cells cultivated at a salinity of 25
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EFFECTS OF TEMPERATURE, SALINITY AND IRRADIANCE ON C. POLYKRIKOIDES

Table III: The ranges of water temperature and salinity during the occurrence of C. polykrikoides red tide

i the field
Location and year Temperature (°C) Salinity Reference
Phosphorescent Bay, Puerto Rico, 1958 29.8-30.1 35.3-35.8 Margalef (1961)
Yatsushiro Sea, Japan, 1978 23.0-29.9 31.7-34.2 Honda et al. (1980)
Quanshou Bay, China, 1990 22.4-26.7 31.3-33.8 Du et al. (1993)
Korea southern coast, Republic of Korea, 1995-1998 22.5-27.0 30.0-33.4 NFRDI? (1998); Suh et al. (2000)
Uragami Bay, Japan, 1996 16.0-22.0 . T. Takeuchi, unpublished
Manzanillo Bay, Mexico, 1999-2000 25.5 34.5-34.7 Morales-Blake and Hernandez-Becerrill (2001)
Yatsushiro Sea, Japan, 2000 24.5-26.6 32.0-33.0 Kim et al., unpublished
Gulf of California, Mexico, 2000 29-31 . Garate-Lizarraga and Bustillos-Guzman (2000)
Inokushi Bay, Japan, 2002 18.9-20.3 32.6-34.6 K. Miyamura, personal communication

®National Fisheries Research and Development Institute.

were inoculated into salinities of 20 and 15 without accli-
mation, the chains of cells became solitary. In addition,
small cells with light or pale pigment and abnormal cells
with many projections were also observed. Accordingly,
these results indicated that C. polykrikoides were not able to
survive in salinities of 20-15. Similar morphological
changes were observed when the cells were inoculated
from a salinity of 34 into one of 40. Therefore, the upper
limit for survival was salinities of 36-40. Table III shows
that C. polykrikoides was found in the Yatsushiro Sea in
2000-2002 1in salinities that varied from 30.0 to 34.5.
Moreover, the blooms of this organism occurred when
the salinity varied from 31.7 to 35.8. These results indi-
cated that the organism might be a stenohaline species that
prefers high salinities indicative of offshore waters.

As described above, multiple regression analysis was
used to predict the growth rate of this organism under
favorable conditions of light and nutrients (Table II).
Based on this equation, m situ water temperature and
salinity data were used to estimate and predict the
occurrence of C. polykrikoides red tides using the method
described by Toda et al. (Toda et al., 1994).

The compensation irradiance (fy) for C. polykrikoides
was 10.38 pmol m™? s='. The value was similar to
10.31 pmol m™? s~ found for Ch. antigua (Yamaguchi
et al., 1991) and much higher than the 0.7 pmol m % s™"
for K. mikimotor (Yamaguchi and Honjo, 1989), both of
which occurred coincidentally in the summer at Yatsushiro
Sea. Cochlodinium polykrikoides and Ch. antiqua have a higher
irradiance requirement than K. mekimotor. Cochlodinium poly-
krikoudes did not show photoinhibition at the maximum
irradiance used in this study—230 pmol m~? s~ Kirk
(Kirk, 1983) reported that the maximum irradiance was an
average of 2000 pmol m™” s~ " at the surface layer in the
field, which is 10-fold higher than that in this study.
To examine photoinhibition in this species, further study
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is necessary under higher irradiance than that used in the
present study.

In conclusion, the results of the present study indicate
that C. polykrikoides prefers high salinity, temperature and
irradiance in summer. These results provide important
information for understanding the mechanism of C. poly-
krikoides blooms and in developing the technology to
predict blooms of this organism in the field. Further
study is necessary to examine the physiological charac-
teristics of each strain isolated from various seawaters,
overwintering aspects of the life cycle and nutrient
uptake to further understand and characterize red tide
outbreaks of this organism.
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