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ABSTRACT. The effect of temperature on the algicidal activity and stability of HaV (Heterosigma
akashiwo virus), which infects the harmful bloom causing alga, H. akashiwo (Raphidophyceae), was
determined by growing H.akashiwo culture inoculated with HaV under various conditions. Temperature and growth stage of the host culture are considered to be important factors determining the algicidal activity of HaV. The optimum temperature for the algicidal activity of HaV ranged from 20 to
25°C. Comparing the viral susceptibility of H akashiwo strains and the algicidal activity of the HaV
clones at different temperatures, both were suggested to be phenotypically diverse. Effect of temperature on the stability of HaV was also evaluated HaV showed a relatively rapid decrease in infectious
titer even when preserved at 5°C in the dark. The data is discussed in relation to the behavior of HaV
in natural environments and the disintegration mechanism of H.akashiwo red tide.
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INTRODUCTION
Intensive studies on initiation mechanisms of harmful algal blooms (HABs) have proved that the temperature, salinity, irradiation and nutrient conditions are
the most important factors in their initiation process
(Yamochi 1983, Yamaguchi & Honjo 1990, Yamaguchi
et al. 1991, 1997, Yamaguchi 1994).In contrast, the disintegration mechanism of algal blooms has not yet
been entirely clarified (Nagasaki et al. 1996).Recently,
viral mortality has been highlighted as an important
factor in the termination of algal blooms (Bratbak et al.
1993, Nagasaki et al. 1994a, b ) . Thus, to determine the
disintegration mechanism of a red tide, it is necessary
to clarify the relationship among the host alga, the
virus and the dynamics of their ambient environment.
Especially in studies of plant viruses, temperature is
considered to be a significant factor that influences the
dynamics of the disease process in the host plant
(Aozaki et al. 1989, Mansky et al. 1991, Syller 1991).
For example, multiplication of the tobacco mosaic virus
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infecting tomato is severely reduced at high temperatures due to genetic control by the host for disease suppression (Fraser & Loughlin 1982). The effect of temperature on virus induced lysis in algae is largely
unknown although it may be a key factor for understanding their behaviour and activity in natural waters.
Temperature may in addition be an important factor
for maintaining infectivity in stored virus stocks.
Heterosigma akashiwo virus (HaV) is a relatively
large DNA virus infecting H. akashiwo (Raphidophyceae), which is one of the typical HAB-causing
microalgae in the coastal waters of subarctic and temperate areas of both northern and southern hemispheres, and causes mortality of cultured fish such as
salmon, yellowtail and sea breams (Larsen & Moestrup
1989, Hallegraeff 1991, Honjo 1993, Nagasaki & Yamaguchi 1997). HaV was examined for its primary characterization and host specificity, and proved to be
highly specific to H. akashiwo (Nagasaki & Yamaguchi
1997, 1998).However, physicochemical data on its proliferation has scarcely been accumulated. The present
paper details the effect of temperature on the algicidal
activity and stability of HaV.
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MATERIALS AND METHODS

Organisms. Two strains of Heterosigma akashiwo
were used in this study; one was H. akashiwo H93616
isolated from northern part of Hiroshima Bay (Hiroshima Prefecture) in June 1993, and the other was H.
akashiwo NM96 isolated from Nomi Bay (Kochi Prefecture) in July 1996. Both strains were clonal and
axenic. They were grown in modified SWM3 medium
(Chen et al. 1969, Itoh & Imai 1987) enriched with 2 nM
Na2Se03under a 14 h L:10 h D cycle of ca 45 pm01 photons n1r2 S-' with cool white fluorescent illumination at
20°C prior to each experiment.
Two HaV clones isolated from seawater samples
taken from a Heterosigma akashiwo red tide were used
in this study; one was HaVOl from Unoshima Fishing
Port (Fukuoka Prefecture) in 1996, and the other was
HaV08 from Nomi Bay (Kochi Prefecture) in 1996 (Nagasaki & Yamaguchi 1997).Both virus clones contained
no bacteria. Immediately prior to each experiment, both
virus stocks were inoculated into a fresh culture of H.
akashiwo NM96, incubated at 20°C for 3 d for multiplication, and the newly obtained viral suspension was
used as a n inoculum. Virus titer was estimated by
means of the extinction dilution method (Nagasaki &
Yamaguchi 1997) and MPN (most probable number)
was calculated using the computer program developed
by Nishihara et al. (1986). As the titration was carried
out at the same time as inoculation in each experiment,
which required 7 to 10 d before obtaining the titer, we
could not equalize the multiplicity of infection (m.0.i.).
Sensitivity of Heterosigma akashiwo in relation to
the growth phase. In order to design optimal experimental conditions to examine the algicidal activity of
HaV against H. akashiwo, a preliminary experiment
was designed to clarify the difference in sensitivity of
H. akashiwo to HaV infection in relation to the growth
phase of the host culture. Four m1 of the culture of H.
akashiwo H93616 and NM96 either in the late log
phase or stationary phase was inoculated with HaVOl
or HaV08, setting the m.0.i.at 0.005 and 0.008 to 0.009,
respectively. Then the cultures were incubated under
the conditions detailed above, and the algal growth
was monitored using a fluorometer (Turner Designs).
Each assay was run in triplicate.
Effect of temperature and light on viral infectivity.
An experiment was designed to evaluate the effect of
temperature and light on viral infectivi.ty dunng storage. The titer of HaVOl suspension was monitored
after storage at 5, 10, 15, 20 or 25OC, in the dark or in
the light (14 h L:10 h D cycle of ca 45 pm01 photons m-'
S-' with cool white fluorescent illumination). The virus
titer was estimated by means of the extinction dilution
method (Nagasaki & Yamaguchi 1997) after 0, 18, 39
and 83 d of storage for each condition.

Effect of temperature on the algicidal activity of
HaV. One hundred p1 of a vigorously growing culture
of each Heterosigma akashiwo strain was inoculated
into 4 m1 of fresh SWM3 and transferred to 4 ddferent
temperatures (15, 20, 25 and 30°C). After 3 d of incubation at each temperature for acclimation, aliquots of
newly obtained virus suspensions were inoculated,
giving final concentrations of HaVOl and HaV08 at
2.9 X 103and 7.3 X 103ml-l, respectively. Because the
growth rates varied due to different incubation temperatures, the initial m.0.i. ranged from 0.022 to 0.215
(see Fig. 3). Light conditions and algal growth monitoring were as given above. All experiments were triplicated. In each examination, growth of H. akashiwo
without inoculation of HaV was also monitored in parallel as a control. Lysis of the host algal culture was
regarded as caused by viral infection on the basis of
visible symptoms (formation of greenish pellet) and the
decrease of fluorescence (Nagasaki & Yamaguchi
1997). Here, it should be noted that what we detected
in the present experiments was only the outcome of a
virus/alga interaction, i.e. effect of virus inoculation on
growth of the host alga. In the present paper, we used
'algicidal activity' as a term implying the lethal effect
of an algal virus on the host alga involving both virus
infectivity and host sensitivity.

RESULTS AND DISCUSSION

At 20°C, Heterosigma akashiwo NM96 was sensitive
to both HaVOl (m.0.i. = 0.005) and HaV08 (m.0.i.=
0.008) in the late log phase. In contrast, in the stationary phase, it was susceptible to HaV08 (m.0.i. = 0.009)
but resistant to HaVOl (m.0.i. = 0.005) (Fig. 1). This
result indicates that H. akashiwo NM96 became resistant to HaVOl in the stationary phase. Therefore, it is
suggested that the susceptibility of H. akashiwo NM96
to HaVOl i.s changeable with its physiological condition. Considering this result, virus inoculation against
H. akashiwo was carried out in the late log phase in the
following experiments. In addition, dissimilarity
between HaVOl and HaV08 in terms of algicidal activity against H. akashiwo NM96 in the stationary phase
is also notable, although further discussion is difficult
here because of the different rn.0.i. (Fig. 1).
In the storage experiment, the infectious titer of
HaVOl after 18 d of storage under a light/dark cycle at
all temperatures tested (5 to 25°C) was too low to be estimated by the extinction dilution method (results not
shown). In contrast, the replicates preserved in the
dark at the lower temperatures (5 or 10°C) had a detectable titer even after 39 d of storage (Fig. 2). These
results indicate that the HaVOl infectivity decreases
following exposure to light and temperatures above
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Fig. 1. Growth of Heterosigma akashiwo NM96 without viral
inoculation (W) and with inoculation of (a) HaVOl or (b)
HaV08 in the late log phase ( 0 :white arrows) or in the stationary phase ( A : black arrows). Multiplicity of infection
(m.0.i.) at whlch HaVOl or HaV08 was inoculated is shown
under each arrow. Bars indicate standard deviation

5°C; indeed, Cottrell & Suttle (1995)observed that Micromonaspusilla virus (MpV)showed considerable decay even when kept cold in the dark conditions. In contrast, PBCV-1, a virus which infects the Chlorella-like
green alga, did not show a notable decrease in viral
titer even after 1 yr of storage at 4°C (Van Etten et al.
1991). Compared with PBCV-1, HaV appears highly
unstable in maintaining an infectious titer.
Growth of Heterosigma akashiwo H93616 and
NM96 with or without inoculation of HaVOl and

HaV08 at various temperatures is shown in Fig. 3.
Although HaVOl was clearly lytic to both H. akashiwo
H93616 and NM96 at lS°C, notably the algicidal activity against the latter was less acute. In contrast, no
algal lysis was caused by HaV08 at 15°C (Fig. 3A, B).
At 20 and 25°C both virus clones caused complete
lysis of both algal strains (Fig. 3C-F). At 30°C H.
akashiwo H93616 was lysed by both virus clones
(Fig. 3G), but no lysis was observed in H. akashiwo
NM96 (Fig. 3H). These results indicate that the algicidal activity of HaV is highly affected by temperature
and the optimum temperature for infection and replication appears to be in the temperature range of 20 to
25°C. The mechanism by which temperature prevents
algal lysis is still unknown. Indeed, in studies on terrestrial plant viruses, it is reported that the hosts' resistance against virus replication is changeable with temperature (Fraser & Loughlin 1982). However, f.urther
examination at a molecular biological level would be
required in order to elucidate effects of temperature on
both infectivity of HaV and sensitivity of H. akashiwo
(Aozaki et al. 1989, Syller 1991).
Although HaV08 was inoculated at higher m.0.i.
than HaVOl in the experiment at 15"C, HaV08 caused
no algal lysis of both strains (Fig. 3A, B), showing phenotypic diversity between the 2 HaV clones in terms
of algicidal activity under relatively low temperature
condition (15°C). In addition, comparing the growth
curves of Heterosigma akashiwo strains infected with
HaVOl and HaV08 at 20 and 2S°C, there is an apparent tendency that HaVOl requires a shorter period to
complete algal lysis (Fig. 3C-F) although HaVOl was
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Fig. 3. Growth of Hetel-osl:rnla akashlwo
(A, C , E , G ) H93616 and ( R , 11,F, H ) NM96
at 15, 20, 25 and 30°C w t h ~noculationof
HaVOl ( 0 )and HaV08 ( A ) In the late log
phase (arrows), a n d without virus lnocut y infection (m.0.i.)
latlon (m). M u l t ~ p l i c ~ of
at which HaVOl or HaV08 was inoculated
is shown under each arrow Bars ~ n d ~ c a t e
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tions is variable depending on temperature conditions in situ.
Then, how does HaV behave in natural Heterosiqma akashivvo blooms? O n the basis of field
data taken in northern Hiroshima Bay in 1993, the
H. akashiwo red tide disintegrated when the surl5
face and bottom seawater temperatures were 22
to 23 and 17 to 18"C, respectively. Considering
that the optimum proliferation of HaV was observed at 20 and 25°C in the present experiment,
there is a reasonable correspondence between the
data obtained in vitro and in situ. This suggests
that temperature may be one of the key factors
which regulates HaV in nature, leading to mortality in the final stage of H. akashiwo red tides.
l5
Clarification of the relationships among the host
alga, the virus and the other ambient conditions,
i.e. salinity, irradiance, nutrient condition, etc., is
clearly required. In studies of other algal viruses,
some data on the effect of the physiological environment have been detailed. For the effect of irradiance, In light rather than dark conditions, MpV
has been shown to lyse ~ t host
s
more rapidly, and
the size at which cell rupture occurred in PBCV-1
15
increased (Waters & Chan 3.982, Van Etten et al.
1983). Concerning the effect of nutrient conditions, phosphate concentration is suggested to
have a considerable effect on production of
viruses In blooms of the marine coccolithophorid Emiliania huxleyl (Bratbak et al. 1993, 1996).
Another enigma is how HaV survives, 1 e . maintains
its infectivity In the natural environment. Considering
the instability of HaVO1 based on the storage experiment (Fig 2), it seems unllkely that they are able to
remain infectious in the marine environment all the
year round. The first possibility of HaV survival tactlcs
1s that it has other hosts or can keep latent in them.
However, so far, no hosts except for Heterosiqrna
akashiwo have been found for HaV. The second possibi.lity 1s that latency of HaV occurs in H. akashiwo cells
which can overwinter either as a vegetative cell or as a
cyst in the sediments (Yamochi 1989, Imai et al. 1993,
Itakura et al. 1996). ..llatent pathway of algal viruses
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inoculated at a lower m.0.i. than HaV08. Thls result
suggests a difference in the rate of viral replication
between the HaV clones. As well, further discussion is
indeed difficult d u e to the different m.o.l.,and dissimilarity between H. akashiwo H93616 and NM96 in
terms of sensitivity against HaV infection under relatively high temperature (30°C) is also noticeable
(Fig. 3G, H ) . These results strengthen our speculation
that there is a high diversity among both HaV clones
a n d H. akashlwo strains as previously hypothesized on
the basis of their jntra-species host specificlty spectra
(Nagasaki & Yamaguchi 1998) Thus, considering the
diversity of HaV in terms of infectivity in relatlon to
temperature, it is possible that the effect of selective
pressure by viral mortality agalnst microalgal popula-
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infecting marine brown algae is now under elucidation, and is one of the most topical parts of recent literature on marine virus ecology (Miiller 1991, Miiller et
al. 1996). However, it still remains an undetermined
link in the red tide disintegration mechanism
(Nagasaki et al. 1994a, b). The third possibility is that
HaV can remain infectious as a virus particle in the
natural environment owing to some unknown preservative effect.
Indeed, since there have been insufficient data accumulated on HaV so far, the present study glves essential information for speculating on the behavior of HaV
in the natural environment, for understanding the disintegration mechanism of Heterosigma akashiwo red
tide, and for designing better countermeasures for controlling H. akashiwo red tide by use of HaV.
As well, the present results suggest that incubation
temperature should be noted as an important factor
both in estimating infectious titer by use of the extinction dilution method and in the procedure of isolating a
lytic virus from the natural seawater sample, where
viral multiplication is essential. Therefore, when the
optimum temperature for viral growth is not known, it
would be ideal to prepare several temperatures for
incubation.
Acknowledgements. This work was supported by funding
from the Fisheries Agency of Japan. Thanks are also extended to Dr S. Norland (Univ. Bergen) for preparation of the
MPN-calculation co~nputerprogram, Mr S. Itakura (Nansei
National Fish. Res. Inst.) for isolation of Heterosigma akashiwo NM96, and Dr K. Tarutani (Japan Sci. Tech. Corp.) for
technical assistance.

LITERATURE ClTED
Aozaki R, Nakada A , Ikegami M, Fujii H (1989) Effect of temperature on multiplicat~on of bean golden mosaic virus.
J Agric Sci Tokyo Nogyo Daigaku 34:16-20 (in Japanese
with English abstract)
Bratbak G, Egge JK, Heldal M (1993) Viral mortality of the
marine alga Emiliania huxleyi (Haptophyceae) and termination of algal blooms. Mar Ecol Prog Ser 93:39-48
Bratbak G, Wilson W. Heldal M (1996) Viral control of Emiliania huxleyi blooms? J Mar Syst 9:?5-81
Chen LCM, Edelstein T, McLachlan J (1969) Bonnemaisonia
hamifera Hariot in nature and in culture. J Phycol 5:
211-220
Cottrell MT, Suttle C A (1995) Dynamics of a lytic virus infecting the photosynthetic marine picoflagellate Micromonas
pusilla. Lunnol Oceanogr 40:730-739
Fraser RSS, Loughlin SAR (1982) Effects of temperature on
the Tm-l gene for resistance to tobacco mosaic virus in
tomato. Physiol Plant Path01 20:109-117
Hallegraeff GM (1991) Aquaculturists' guide to harmful Australian mlcroalgae. CSIRO, Hobart
Honjo T (1993) Overview on bloom dynamics and physiological ecology of Heterosigma akashiwo. In: Smayda TJ,
Shirnizu Y (eds) Toxic phytoplankton blooms in the sea.

Elsevier, New York, p 33-41
lmai I, Itakura S, Itoh K (1993) Cyst of the red tide flagellate
Heterosign~aakashjwo, Raphidophyceae, found in bottom
sediments of northern Hiroshima Bay, Japan. Nippon
Suisan Gakkaishi 59:1669-1673
ltakura S, Nagasaki K, Yamaguchi M, lmai 1 (1996) Cyst formation in the red tide flagellate Heterosign7a akashiwo
(Raphidophyceae).J Plankton Res 18:1975-1979
Itoh K, lmai I (1987) Rafido so (Raphidophyceae). In: Japan
fisheries resource conservation association (ed) A guide
for studies of red tide organisms. Shuwa, Tokyo, p
122-130 (in Japanese)
Larsen J . Moestrup 0 (1989) Guide to toxic and potentially
toxic marine algae. Fish Inspection Service, Ministry of
Fisheries, Copenhagen
Mansky LM, Durand DP, Hi1 JH (1991) Effects of temperature
on the maintenance of resistance to soybean mosaic virus
in soybean. Phytopathol 81:535-538
Miiller DG (1991) Menderian segregation of a virus genome
during the host meiosis in the marine brown alga Ectocarpus siliculosus. J Plant Physiol 137:739-743
Miiller DG, Brautigam M, Knippers R (1996) Virus infection
and persistence of foreign DNA in the marine brown alga
Feldmannia simplex (Ectocarpales, Phaeophyceae). Phycologia 3551-63
Nagasaki K , Ando M. Imai I, Itakura S, Ishida Y (1994a) Viruslike particles in Heterosigma akashiwo (Raphidophyceae):
a possible red tide disintegration mechanism. Mar Biol
119:307-312
Nagasaki K, Ando M, Itakura S, lmai 1, Ishida Y (1994b) Viral
mortal~ty in the final stage of Heterosigma akashiwo
(Raphidophyceae) red tide. J Plankton Res 16:1595-1599
Nagasaki K, Itakura S, lmai I, Nakagiri S, Yamaguchi M
(1996) The disintegration process of a Heterosigma akashiwo (Raphidophyceae) red tide in northern Hiroshima
Bay, Japan, d u r ~ n gthe summer of 1994 In: Yasumoto T,
Oshima Y, Fukuyo Y (eds) Harmful and toxic algal blooms.
Intergovernmental Oceanographic Commission of UNESCO, Paris, p 251-254
Nagasaki K, Yamaguchi M (1997) lsolation of a virus infectious to the harmful bloom causing microalga Heterosigma akashiwo (Raphidophyceae).Aquat Microb Ecol 13:
135-140
Nagasaki K, Yamaguchi M (1998) Intra-species host specificity of HaV (Heterosigma akashiwo virus) clones. Aquat
Microb Ecol 14:109-112
Nishihara T, Kurano N, Shinoda S (1986) Calculation of most
probable number for enumeration of bacteria on a microcomputer. Eisei Kagaku 32:226-228 (in Japanese with
English abstract)
Syller J (1991) The effect of temperature on the susceptibility
of potato plants to infection and accumulation of potato
leafroll virus. J Phytopathol 133:216-224
Van Etten JL, Burbank DE, Xia Y, Meints RH (1983) Growth
cycle of a virus, PBCV-1, that infects Chlorella-like algae.
Virology 126:117-125
Van Etten JL, Lane LC, Meints RH (1991) Viruses and viruslike particles of eukaryotic algae. Microbiol Rev 55:
586-620
Yamaguchi h.1 (1994) Physiological ecology of the red tide flagellate Gymnodinium nagasakiense (Dinophyceae)mechanism of the red tide occurrence and its prediction.
Bull Nansei Natl Fish Res Inst 2?:251-394 (in Japanese
with English abstract)
Yamaguchi M, Honjo T (1990) Phased cell division in the noxious red tide flagellate Gymnodinium nagasakiense
(Dinophyceae) and application of the frequency of divid-

216

Aquat Microb Ecol 15: 21 1-216, 1998

ing cell technique for the determination of growth rate.
Bull Plankton Soc Jpn 37:3-18 (in Japanese with English
abstract)
Yamaguchi M, Imai I , Honjo T (1991) Effects of temperature,
salinity and irradiance on the growth rates of the noxious
red tide flagellate Chattonella antiqua and C. marina (Raphidophyceae). Nippon Suisan Gakkalshi 57.1277-1284
(in Japanese with English abstract)
Yamaguchi M, Itakura S, Nagasaki K, Matsuyama Y . Uchida
T, Imai I (1997) Effects of temperature and salinity on the
growth of the red tide flagellates Heterocapsa circularisquama (Dinophyceae) and Chattonella verruculosa

(Raphidophyceae).J Plankton Res 19.1167- 1174
Yamochi S (1983) Mechanisms for outbreak of Heterosigma
akashjwo red tide in Osaka Bay, Japan. Part 1. Nutrient
factors involved in controlling the growth of Heteroslgma
akashiwo Hada. J Oceanogr Soc Jpn 39.310-316
Yamochi S (1989) Mechanisms for outbreak of Heterosigma
akashiwo red tide in Osaka Bay, Japan. Bull Osaka Pref
Fish Exp Stn 8:l-110
Waters RE, Chan AT (1982) Micromonas pusilla virus: the
virus growth cycle and associated physiological events
within the host cells; host range mutation. J Gen Virol63:
199-206

Editorial responsibility: Gunnar Bra tbak,
Bergen, Norway

Submitted: February 10. 1998; Accepted: May 5,1998
Proofs received from author(s): July 20, 1998

