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INTRODUCTION

Viral infection is one of the significant factors shap-
ing microbial dynamics in aquatic environments. In
nature, both the host and viruses stably coexist in
close proximity (Suttle 2007, Flores et al. 2013). To
understand the relationships between hosts and their
cognate viruses, the effects of various environmental
factors on host−virus interactions need to be charac-
terized (Mojica & Brussaard 2014). Among the di -
verse environmental parameters, water temperature
and salinity are major factors regulating phytoplank-
ton growth, as well as light and nutrient levels (Sar-
thou et al. 2005). Rapid changes in water tempera-
ture and salinity, for example due to a heavy rainfall
in coastal and brackish water environments, can thus
affect the growth and reproduction of phytoplankton
(Balzano et al. 2011, Turner & Rabalais 2013). Such

physicochemical factors are considered to affect suc-
cessful virus infections and host cell lysis. Indeed, the
sensitivity of Heterosigma akashiwo (Raphido-
phyceae) to viruses changes with changes in water
temperature (Nagasaki & Yamaguchi 1998). For
instance, positive cell lysis of H. akashiwo strain
H93616 by HaV01 and HaV08 occurs at water tem-
peratures of 15−30°C and 20−30°C, respectively.
However, H. akashiwo strain NM96 shows resistance
to both viruses at 30°C (Nagasaki & Yamaguchi
1998). Water temperature is similarly significant for
relationships between the bloom-forming marine
planktonic diatom Chaetoceros tenuissimus and its
infectious viruses, and diverse combinations of host
and virus strains have been observed (Tomaru et al.
2014). Salinity is also an important factor affecting
virus infections. Evilevitch et al. (2008) reported that
the efficiency of viral DNA injection into its host cells
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is affected by osmotic pressure. Although there are
several previous reports on the effects of salinity on
host−virus interactions in prokaryotes and Archaea,
knowledge regarding these effects is limited, espe-
cially for eukaryotic microalgae (Mojica & Brussaard
2014). In this study, we investigated how water tem-
perature and salinity levels regulate host−virus inter-
actions using C. tenuissimus strains and 4 distinct in -
fectious viruses. Our study emphasizes the need for
further studies of physiochemical parameters and
their effects on resource partitioning to understand
the ecology of microalgal host−virus systems.

MATERIALS AND METHODS

Host diatoms, virus strains, and culture conditions

The axenic clonal diatom strains used in this study
were Chaetoceros tenuissimus strains NIES-3714 (the
original strain name, used in previous reports, was ‘2-
6’) (Tomaru et al. 2011) and NIES-3715 (original strain
name: 2-10) (Shirai et al. 2008). The virus strains used
in this study were CtenDNAV type-I and type-II and
CtenRNAV type-I and type-II. All diatom and viral
strains were isolated from the western coast of Japan
(Shirai et al. 2008, Tomaru et al. 2011, Kimura &
Tomaru 2015). The basic properties of these viruses
are summarized in Tables S1 and S2 in the Supple-
ment at www. int-res. com/ articles/ suppl/ a079 p079 _
supp. pdf. Algal cultures were maintained and grown
in modified SWM3 medium (Imai et al. 1996) under a
12/12-h light-dark cycle of ca. 110− 150 µmol photons
m−2 s−1 using cool white fluorescent illumination at 15°C.

Pre-conditioning of the host culture

The experiments were conducted at 5 temperatures
(10, 15, 20, 25 and 30°C) and 6 salinities (10, 15, 20, 25,
30, and 35 PSU) in temperature gradient growth
chambers (TG-100-AD, Nippon Medical & Chemical
Instrument) under the lighting conditions stated
above. The salinity of the seawater was adjusted to
10−30 PSU by dilution with distilled water. A salinity
of 35 PSU was achieved by concentrating the natural
seawater in a drying oven at 50°C. Seawater was en-
riched with elements of sea water medium (SWM-3)
after the salinity adjustments. Cells were pre-condi-
tioned to the experimental conditions through step-
wise transfer of stock cultures to each temperature
and salinity regime. If the transferred cells grew
under the experimental regime, then the culture was

conditioned at that regime for at least 7 d. The
cultures were then re-transferred under each experi-
mental regime for at least 7 d again. The acclimated
stock cultures were then used for further experiments.

Viral inoculation and measurement 
of algal growth or lysis

Viral inoculation experiments were conducted at 5
temperatures and 6 salinities. The pre-conditioned
host cell cultures were grown to 1.0 × 106 cells ml−1 at
each combination of temperature and salinity and
then diluted 2-fold with the medium. For each virus
to be tested, 190 µl diluted host culture was trans-
ferred in triplicate to 96-well microculture plates
(Falcon; Becton, Dickinson and Company) and incu-
bated for 24 h at the appropriate temperature. The
virus suspension (10 µl, final viral concentration:
1.0 × 105 infectious units ml−1) was then added to
each well to obtain triplicates of each virus, host,
temperature, and salinity combination. Diatom cul-
tures grown in media without virus were used as
uninfected controls. Culture plates were incubated
under the specified lighting conditions for up to 2 wk.
Fluorescence intensity (FI) decreases as cells are
lysed. Therefore, algal growth or lysis was monitored
by measuring in vivo chlorophyll a FI (the excitation
and detection wavelength were 430 and 670 nm,
respectively) each day using a microplate reader
(ARVOsx1420, PerkinElmer). The cultures were
scored as infected when the FI of an infected culture
decreased to <50% of that of the control, and the
period (days) needed for algal lysis following inocu-
lation was recorded as CR50.

Statistical analysis

A 2-way analysis of variance (ANOVA) was used
to estimate the effects of temperature, salinity, and
their combinations on the viral infections. The simi-
larity of the degrees of the host cell lysis due to viral
inoculations (CR50) among the host−virus combina-
tions was analysed using the Kolmogorov-Smirnov
(KS) test. The CR50 values for samples in which detec-
tion did not occur were defined as 14 d in the
analysis, which was the maximum time interval for
the observation in the present experiment. To com-
pare the host growth rate and CR50, correlation analy-
sis was used. The host growth rates used in this study
were estimated from the growth rate regression mod-
els of the C. tenuissimus strains (Tomaru et al. 2014).
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RESULTS AND DISCUSSION

The FI for each host−virus combination at each
temperature/salinity com bination (Figs. 1A, S1−S4
in the Supplement) was transformed to a CR50

score (Figs. 1B, S5−S8 in the Supplement). In many
cases, the FI of the host culture decreased after the
viral inoculations, indicating cell lysis and there-
fore virus infection. The CR50 of all host−virus
combinations was significantly affected by tem-
perature, salinity, and the temperature− salinity in-
teraction (2-way ANOVA, p < 0.01). Thus, both
water temperature and salinity affected diatom
growth and the extent of successful viral infection,
which resulted in host cell lysis. Host cell lysis
 resulting from viral infection was not detected in
host strain NIES-3714 at 10°C and at a salinity of
10, possibly because of the low growth of the host
strain under these conditions (Fig. 1C,D) (Tomaru
et al. 2014). Under conditions that permit better
growth of strain NIES-3714, for example a temper-
ature of 15−30°C and a salinity of 35, host cell lysis
was detected after CtenDNAV type-I inoculation,
but not after CtenDNAV type-II inoculation
(Fig. 1C,D). Furthermore, the CR50 matrix of Cten-
RNAV type-I against host strain NIES-3715 was
significantly different from that of other host−virus
combinations (Fig. 1E− H, Table 1). The CR50

 matrix of CtenDNAV type-II against host strain
NIES-3714 was also significantly different from
that of CtenDNAV type-I against host strain NIES-
3714 and Cten RNAV type-II against host strain
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Fig. 1. Change over time in (A) chlorophyll a fluorescence intensity (FI) in the diatom Chaetoceros tenuissimus strain NIES-
3715 inoculated with 4 strains of virus (CtenDNAV types I and II and CtenRNAV types I and II), together with results for the
control group; and (B) FI values of infected diatoms expressed as percentages of values for the control group. Results are
shown for culture plates incubated at 20°C and 30 PSU. (Panels C−H) Algal lysis by the 4 strains of virus in C. tenuissimus
strains NIES-3714 and NIES-3715 at different combinations of temperature and salinity. Algal lysis was defined as occurring
when the FI of an infected culture decreased to <50% of the control value (CR50). Upper scores in each cell show mean CR50

values in days; lower scores are the standard deviation for 3 replicates. Black, dark grey, grey, and light grey cells show CR50

scores of <1, 1−2, 2−3, and >3, respectively. ‘-’ indicates that values were not detected
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NIES-3715 (Table 1). These results of
the CR50 matrix patterns indicated that
the optimal range of conditions for virus-
mediated diatom cell lysis depends on
host− virus combinations and/ or the virus
species. Therefore, both water tempera-
ture and salinity might influence host
cell lysis and control the influx and
dominance of virus species in natural
environments.

In many microalgal host−virus systems,
intense host culture lysis and higher po-
tential viral infectivity are expected un-
der temperature conditions of optimum
cell replication (Nagasaki et al. 2003). In
the present study, host cell lysis (Fig. 1)
and the environmental suitability for
the host growth rate, which was calcu-
lated using the cubic equations of the
host strains for each water temperature
and salinity condition (Fig. S9 in the Sup-
plement) (Tomaru et al. 2014), signifi-
cantly correlated in most of the host−
virus combinations (p < 0.01) (Fig. 2A−
D,F), i.e. the CR50 was shorter when
host cell replication was higher. How-
ever, this was not necessarily the case
for the host strain NIES-3715 when in-
oculated with CtenRNAV type-I (Fig. 2E).
Considering the distribution of the CR50

values with regard to temperature and
salinity, the effect for the host strain
NIES-3715 inoculated with CtenRNAV
type-I may be explained by differences
in the optimal conditions for maximum
host growth and lytic activity of the
virus. Therefore, both water tempera-
ture and salinity can alter virus-medi-
ated host cell lysis, independent of the
environmental suitability for host growth.

Although the CR50 could be an indicator
of potential viral effects on host cells, it
is influenced by the combined effects of
viral adsorption, proliferation, and lysis.
Moreover, viral infectivity might be af-
fected by temperature and salinity, which
directly affect the molecular structures
of the virus or components of the host
cell surface, such as viral capsid and re-
ceptor proteins (Selinger et al. 1991,
Evilevitch et al. 2008). To understand
how temperature and salinity affect
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Host strain NIES-3714 Host strain NIES-3715
CtenDNAV CtenDNAV CtenRNAV

type-I type-II type-I type-II type-I type-II

NIES-3714/DNAV-I – 0.0009 0.0644 0.2557 <0.0001 0.9613
NIES-3714/DNAV-II – 0.0513 0.0906 0.0062 0.0001
NIES-3715/DNAV-I – 0.8742 <0.0001 0.0401
NIES-3715/DNAV-II – <0.0001 0.3460
NIES-3715/RNAV-I – <0.0001

Table 1. p-values determined using Kolmogorov-Smirnov test of CR50 values for
algal lysis (see Fig. 1 legend) in the diatom Chaetoceros tenuissimus strains NIES-
3714 and NIES-3715 following inoculation by 4 strains of virus (CtenDNAV types I
and II and CtenRNAV types I and II), for different host−virus combinations

Fig. 2. Results of correlation analyses between the growth rate of host
Chaetoceros tenuissimus (strains NIES-3714 and NIES-3715) at different
combinations of water temperature and salinity (see Fig. S9 in the Supple-
ment) (Tomaru et al. 2014) and CR50 values for algal lysis (see Fig. 1 legend)
following inoculation by 4 strains of virus (CtenDNAV types I and II and 

CtenRNAV types I and II)
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viral infectivity, further analysis of virus infection pro-
cesses from adsorption to lysis under various environ-
ments should be conducted in the future.

Because all the viruses in this study were isolated
from western Japan, individual host diatom strains
might experience selection pressure exerted by
infection by individual virus strains within a year.
However, each virus seemed to have an optimal set
of environmental conditions for infection/replication,
resulting in host cell lysis, which was different from
optimal conditions for rival viruses (Fig. S10 in the
Supplement). The present study showed that the opti-
mal water temperature and salinity conditions for the
CR50 did not necessarily correspond to that of the
environmental suitability for the host growth (Fig. 2E).
This might be one of the survival strategies for the
virus, i.e. having maximum proliferation under non-
optimal host growth conditions and avoiding compe-
tition with other viruses. Therefore, these environ-
mental optima could cause the viruses to partition the
use of the same host species. This is similar to the
observations made in prokaryotes, with several stud-
ies reporting that successful phage infections occur
in non-optimum host growth environments (Wang et
al. 2007, Zachary 1976).

The effects of salinity on prokaryotic phage infection
have been well documented (Mojica & Brussaard,
2014); however, information on eukaryotic host−virus
systems is lacking. In this study, we showed that both
water temperature and salinity affect the interaction
between microalgal hosts and their cognate viruses.
In coastal and estuarine environments, viral niche
partitioning and coexistence of host−virus interactions
could be directly controlled by physical and chemical
factors as well as by host specificity of the viruses (Flo-
res et al. 2013). In our study, we also showed that the
optimum conditions for host cell lysis are highly di-
verse among virus species and isolates. In the future,
increases in water temperature and precipitation due
to global warming might change the relationships be -
tween diatoms and their infectious viruses. Therefore,
further studies of physiochemical parameters and their
effects on re source partitioning are necessary to under-
stand the ecology of microalgal host−virus systems.
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