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Abstract The present study reports the development of
a method to investigate ichthyotoxicity of harmful ma-
rine microalgae using cultured red sea bream (Pagrus
major) gill cells. The cultured gill cells formed adherent
1-2 layers on the bottom of the culture plate and could
tolerate seawater exposure for 4 h without significant
alteration in cell survival. The microalgae Karenia
mikimotoi, Karenia papilionacea, K. papilionacea phy-
lotype-1, and Heterosigma akashiwo were cultured, then
directly exposed to gill cells. After K. mikimotoi and
K. papilionacea phylotype-I exposure, live cell cover-
age was significantly lower than in the cells exposed to a
seawater-based medium (control cells; P < 0.05). Tox-
icity of K. mikimotoi cells was weakened when cells
were ruptured, and was almost inexistent when the
algal cells were removed from the culture by filtra-
tion. Significant cytotoxicity was detected in the con-
centrated ruptured cells, and in the concentrated of
ruptured cells after freezing and thawing though cy-
totoxicity was weakened; whereas, cytotoxicity al-
most disappeared after heat treatment. In addition,
examination of the distribution of toxic substances
from the ruptured cells showed that cytotoxicity
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mainly occurred in the fraction with the resuspended
pellet after centrifugation at 3000xg.

Keywords Cytotoxicity - Karenia mikimotoi - Karenia
papilionacea - Marine fish gill cells

Introduction

Harmful algal blooms (HABs) occasionally occur off
southern and western Japan, causing death of farmed
fish and shellfish and leading to great losses to fisheries.
HABs have been reported in several other countries;
therefore, an understanding of how HABs kill fish and
shellfish and the development of effective mitigation
technologies are urgently needed. Ishimatsu et al.
(1996) hypothesized that reactive oxygen species
(ROS) released from Chattonella spp. are involved in
fish kills. However, the mechanisms involved are still
not completely understood, and little information is
available on the fish-killing mechanisms of other spe-
cies of HAB-causing plankton, particularly Karenia
mikimotoi, which mainly blooms in Japan, Korea, and
Europe (Brand et al. 2012; Imai et al. 2006). Elucidating
HAB fish-killing mechanisms is difficult, because it
requires repeated-exposure tests under controlled condi-
tions using HAB plankton. It is impossible to predict
when HABs will occur, and cultured HAB sometimes
do not exhibit any ichthyotoxicity (Mooney et al. 2010).

Recently, cytotoxic assays of harmful marine
microalgae using mammalian cell lines (Katsuo et al.
2007) and fish embryo cell lines (Skjelbred et al. 2011)
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have been performed. Cell culture assays have several
advantages over in vivo techniques, including a reduc-
tion in the number of experimental fish, faster results,
simplicity, cost-effectiveness, and specificity. Moreover,
Tanneberger et al. (2013) reported good agreement be-
tween in vivo and in vitro methods of comparing the
effects of toxic chemicals by using a fish gill cell line-
based toxicity assay.

The gill is thought to be the organ that incurs maxi-
mum damage by K. mikimotoi (Mitchell and Rodger,
2007), with gill epithelia being the primary uptake sites
of water-borne contaminants. Thus, it is important to
reveal the damage in gill epithelia of marine fish caused
by Karenia. Previously, gill cell cultures have mainly
been performed using rainbow trout (Oncorhynchus
mykiss) (Bols et al. 1994; Pirt et al. 1993). Recently,
Dorantes-Aranda et al. (2011; 2015) used rainbow trout
gill cell line to test the cytotoxicity of harmful marine
microalgae; however, these gill cells are not sufficiently
saline-tolerant and cannot be directly exposed to toxic
microalgae in seawater for more than 3 h. Exposing
cultured gill cells to cultured HAB cells that are
ichthyotoxic, in a highly reproducible manner, would
constitute a new development in HAB ichthyotoxicity
research. Therefore, the establishment of an evaluation
method using cultured gill cells of a marine species that
represents fish-farming mortalities in Japan due to
HABs should facilitate elucidation of the mechanisms
involved in HAB-related gill epithelial damage.

In the present study, we developed a gill cell culture
from the red sea bream (Pagrus major), a popular farmed
marine fish in Japan, to study the ichthyotoxicity of the
harmful marine microalgae K. mikimotoi. This dinofla-
gellate has significantly affected fish farming, including
that of P. major (Fisheries Agency, Japan 2013); more
recently, other Karenia species (i.e., K. papilionacea and
K. papilionacea phytotype-I; Yamaguchi et al. 2016),
and Heterosigma akashiwo have formed blooms in
southern and western Japanese waters, creating serious
concerns for fish farmers (Imai et al. 2006).

Materials and methods
Fish
Red sea breams (30-180 g) were provided by a com-

mercial fish farm (A-marine Kindai, Wakayama, Japan).
They were kept in 60-L tanks with a filtered seawater
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flow-through system at 20 °C and under a 14 h
light:10 h dark cycle for 4-12 months. The fish were
fed twice a day with commercial food (Otohime EP 0
and 2, Marubeni Nisshin Feed, Tokyo, Japan). A total of
eight fishes were used in this study. Procedures for
animal care and use were in accordance with the guide-
lines for animal experimentation at National Research
Institute of Fisheries and Environment of Inland Sea,
Fisheries Research Agency.

Cell culture medium and chemicals

Leibovitz’s L-15 culture medium with L-glutamine
and fetal bovine serum (FBS) was obtained from
Gibco Life Technology (Carlsbad, CA, USA). A
mixture of penicillin-streptomycin-amphotericin B
and gentamicin were obtained from Nacalai Tesque
(Kyoto, Japan). Bacitracin was obtained from Sigma-
Aldrich (St. Louis, MO, USA). Ampicillin, nystatin,
metronidazole, chloramphenicol, and collagenase
were obtained from Wako Pure Chemical Industries
(Osaka, Japan). Dispase Il was obtained from
Boehringer Ingelheim (Ingelheim, Germany).

Preparation of gill cell culture

Gill cells were isolated in a laminar flow hood using
sterile techniques according to Bols et al. (1994), with
some modifications. The fish were stunned by a blow to
the head, blood was sampled using a syringe, and fish
were decapitated. The gills were dissected out and all
eight gill arches were excised with sterile instruments,
cleaned, and placed in ice-cold physiological saline
solution for marine fish (Hirano et al. 1971), supple-
mented with 100 IU/mL penicillin, 100 pg/mL strepto-
mycin, 0.1 pg/mL amphotericin B, 400 pg/mL genta-
micin, 10 IU/mL bacitracin, 20 IU/mL ampicillin,
50 TU/mL nystatin, 125 pg/mL metronidazole, and
10 pg/mL chloramphenicol. Gill arches were gently
pressed using a cell scraper for approximately 15 min
to remove blood cells in ice-cold physiological saline
solution for marine fish supplemented with antibiotics
and fungicide (composition as described). The gill fila-
ments were then excised from the arches, transferred to
physiological saline solution for marine fish containing
2 mg/mL collagenase and 1.2 mg/mL dispase II in a
50-mL centrifuge tube, and the lamellae were cut into
small pieces. After a 2-h incubation at 25 °C with slow
shaking (approximately 60 rpm), cell suspensions were
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filtered twice through stainless steel mesh (75 and
50 um), subsequently transferred to a 50-mL centrifuge
tube, and 30 mL of Leibovitz’s L-15 culture medium
supplemented with 20 mM NaCl, 10% FBS, 20 IU/mL
penicillin, 20 pg/mL streptomycin, and 40 ug/mL gen-
tamicin (pH 7.6) was added. The contents were centri-
fuged for 10 min at 500xg at 15 °C. The pellet was
resuspended in the L-15 culture medium and centri-
fuged again in the same manner. After washing, cells
were resuspended in the L-15 culture medium as
described above, plated at 1 x 10° cells/cm? in 12-
or 24-well culture plates (BD Falcon, USA), and then
maintained in an incubator at 20 °C in the dark. Cell
counts were obtained using a hemocytometer.
Twenty-four hours after seeding, non-adherent cells
were removed by changing the basal culture medium
(Leibovitz’s L-15 culture medium supplemented with
20 mM NaCl, 10% FBS, 20 IU/mL penicillin, and
20 pg/mL streptomycin; pH 7.6). The medium was
renewed two times per week.

Subcultivation was conducted from 2 weeks (at con-
fluence) to 2 months after establishing the primary cul-
tures. Cells were rinsed with phosphate-buffered saline
solution and detached using 0.1% trypsin and 0.02%
EDTA for 5 min at 10 °C. Then, 500 uL of the basal
culture medium was added and mixed. A volume of
100 pL of detached cells was transferred into a 24-
well culture plates, and 500 pL of the basal culture
medium added.

Electron microscopy

Gill cells were grown on tissue culture coverslips (Nunc
Thermanox coverslip, Thermo Scientific, USA) placed
at the bottom of the culture plate wells. The culture
medium was discarded and the coverslips with the
attached gill cells were rinsed twice with Hank’s
balanced salt solution (Gibco Life Technology, Carls-
bad, CA, USA). The gill cells were then fixed in
0.5 mL of 2.5% glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.2) for 2 h at 25 °C. They were postfixed
in 1% osmium tetraoxide in 0.1 M cacodylate buffer
(pH 7.2) for 1 h at 25 °C. The cultures were then
dehydrated through a graded ethanol series, trans-
ferred to #-butyl-alcohol, then freeze dried. After
drying, the coverslips were mounted on stubs, sputter
coated with Pt for 4 min (JEC-3000FC, JOEL,
Tokyo, Japan) and examined using scanning electron
microscopy (JSM-6510LV, JOEL).

Preparation of microalgae cultures

The toxic microalgae, K. mikimotoi strain KmURN6Y
(Km, originally collected from Uranouchi Bay, Japan in
2009 and isolated by H. Yamaguchi), K. papilionacea
strains KpURN1Y (Kpl) and KpURNI9Y (Kp9) (col-
lected from Uranouchi Bay, Japan in 2009 and isolated
by H. Yamaguchi), and K. papilionacea phylotype-I
strains KspNOMI1H (Kspl) and KspNOM6H (Ksp6)
(collected from Nomi Bay, Japan in 2012 and isolated
by H. Yamaguchi), were obtained from Kochi Univer-
sity. The H. akashiwo strain NIES-6 (originally collect-
ed from Osaka, Japan in 1979 and isolated by M.
Watanabe) was obtained from the National Institute for
Environmental Studies, Japan. K. mikimotoi and
H. akashiwo were maintained inSWM-3 medium
enriched with 2 nM Na,SeO; (Imai et al. 1996), and
K. papilionacea and K. papilionacea phylotype-I were
maintained in Daigo IMK medium (Nihon Pharmaceu-
tical Co. Ltd., Tokyo, Japan). Salinity of seawater used
for media preparation was adjusted to 30. Cultures were
maintained at 20 °C, and at 150 pumol photons m2s!
(cool white fluorescent lamps) under a 12/12 h light/
dark cycle.

Intact-cell suspensions at concentrations of 5 x 10*
cells/mL were prepared from cultures in the late expo-
nential growth phase to the stationary phase. They were
taken directly from the culture and diluted as needed.

Preparation of ruptured cells and the cell-free medium
of the K. mikimotoi culture

Ruptured cells and a cell-free medium were prepared
from the stationary phase of a K. mikimotoi culture, in
order to understand the mechanisms of toxicity associ-
ated with this species. The ruptured-cell suspension
was prepared as follows: 25 mL of the K. mikimotoi
culture (7 x 10* cells/mL) was centrifuged at 2200xg
for 5 min at 4 °C. Then, the supernatant was
discarded and the pellet was homogenized for 1 min
on ice with a glass homogenizer, resuspended in
25 mL of new SWM-3 medium (equivalent cell den-
sity of 7 x 10* cells/mL), and used as the ruptured-
cell suspension. K. mikimotoi cultures (7 x 10* cells/
mL) were filtered through a polycarbonate membrane
(Isopore, Merk, Darmstadt, Germany) with a 3-pm
pore size (gravity filtration), and the filtrate was used
as the cell-free medium.
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Preparation of concentrated ruptured cells
of the K. mikimotoi culture

A 50 mL aliquot of the K. mikimotoi culture (2 x 10*
cells/mL) was centrifuged at 2200xg for 5 min at 4 °C.
The supernatant was then discarded and the pellet was
homogenized for 1 min on ice with a glass homogenizer,
resuspended in 5 mL of new SWM-3 medium, and used
as a 10X concentration of ruptured-cell suspension
(equivalent cell density of 2 x 10° cells/mL). For a
preliminary analysis of the localization of toxic sub-
stance(s), the concentrated ruptured-cell suspension
was fractionated by centrifugation. A 2.0 mL aliquot
of the 10X-concentrated ruptured-cell suspension was
centrifuged at 3000xg for 5 min at 4 °C, and the pellet
was resuspended in 2.0 mL of new SWM-3. The super-
natant was then centrifuged at 10,000xg for 5 min at
4 °C, and the pellet was resuspended in 2.0 mL of new
SWM-3. The supernatant and resuspended pellets were
then used for the cytotoxicity assay. A 5X concentration
of the ruptured-cell suspension (equivalent cell density
of 1 x 10° cells/mL) was prepared as a positive control
by adding the same volume of SWM-3 medium to the
10X-concentrated ruptured-cell suspension. To eluci-
date the characteristics of the toxic substance(s), the
5X concentration of ruptured-cell suspension was heat-
ed for 5 min at 100 °C, or frozen for 15 min at —80 °C
and thawed at 20 °C and gill cell viability was assayed.

A 50 mL aliquot of the K. mikimotoi culture (7 x 10*
cells/mL) was centrifuged at 2200xg for 5 min at 4 °C.
The supernatant was then discarded and the pellet was
homogenized for 1 min on ice with a glass homogenizer,
resuspended in 5 mL of new SWM-3 medium, and used
as a 10X concentration of ruptured-cell suspension
(equivalent cell density of 7 x 10° cells/mL). 5X and
2.5X concentration of the ruptured-cell suspension
(equivalent cell density of 3.5 x 10° and 1.8 x 10°
cells/mL, respectively) were prepared by adding
SWM-3 medium to the 10X-concentrated ruptured-cell
suspension.

Gill cell tolerance to seawater

To determine whether the gill cells (seeded as described
above) remained viable after direct exposure to
seawater-based medium, they were exposed to SWM-3
medium for 4 or 6 h, and IMK medium for 4 h. Cell
viability was determined using a LIVE/DEAD®
Viability/Cytotoxicity Kit (Invitrogen, Carlsbad, CA,
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USA). Once exposure was complete, the medium was
discarded and the gill cells were rinsed with a 1/2
concentration artificial seawater (Herbst 1904) (adjusted
to pH 7.5 with HEPES). Physiological saline solution
containing the LIVE/DEAD® dye (2 uM calcein AM
and 4 uM EthD-1) was then added to all the wells, and
the cells were incubated for 30 min at 20 °C in the dark.

Fluorescence images of live gill cells in the center of
each well were recorded using a color digital camera
(DP 71, Olympus, Tokyo, Japan) mounted on the mi-
croscope (IX71N-22FL/PH, Olympus, Tokyo, Japan).
The area occupied by the surviving gill cells was then
determined using image analysis software (ImagelJ; U.
S. National Institutes of Health, Bethesda, Maryland,
USA, http://imagej.nih.gov/ij/), and was compared
between the experimental group and a control group,
which was cultured only with the basal culture medium.

Assay for testing the toxicity of harmful microalgae

Gill cells at the confluent stage were subcultured twice to
minimize the possibility of a lack of variation in the
primary-cultured gill cells, the medium was discarded,
and 0.4 mL of cultured marine microalgae was directly
added to each well of the 24-well culture plates. After
adding the microalgae, the gill cells were incubated for
3.5 h at 20 °C in the dark. Once exposure was complete,
the medium was discarded and the gill cells were rinsed
with 1/2 concentration artificial seawater. LIVE/DEAD®
dye was then added, as described above.

Fluorescence images of live gill cells in the center of
each well were recorded using a color digital camera
mounted on the microscope. The area occupied by the
surviving gill cells was then determined using image
analysis software, as described above, and was com-
pared between the experimental group and a control
group, which was exposed with the seawater-based
culture medium.

Statistical analysis

The data were subjected to a one-way analysis of vari-
ance (ANOVA) to identify significant differences be-
tween the treatments, and a Bonferroni correction was
applied for multiple tests. If the data were heteroscedastic,
a Kruskal-Wallis test and a posteriori Steel’s test were
performed. To test the relationship between the concen-
tration of ruptured-cell suspension of the K. mikimotoi
culture and the live cell coverage of gill cells culture, we
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used the Jonckheere-Terpstra test. Differences were
regarded as significant at P < 0.05. Microsoft Excel
add-in software Excel Tokuei 2012 for Windows (SSRI
Inc., Tokyo, Japan) was used for all statistical analyses.

Results
Gill cell culture

The primary-cultured gill cells had an irregular, spindly
shape, and formed an adherent monolayer on the bottom
of'the culture plate, but red blood cells were also present
(Fig. 1a). The epithelial-like cells appeared dark under a
phase-contrast microscope. At confluence, most of the
plates were covered with 1-2 layers of polygonal-
shaped epithelial-like cells within 2-3 weeks (Fig. 1b),
and both flattened and elongated cells were observed.
Scanning electron micrographs of the cell surface
showed a typical characteristic of epithelial cells of fish
gill filament such as microridges (Fig. 1c), and the cell
surface was similar to that of intact secondary lamella
from red sea bream gills (Hashimoto et al. 1987). Some
cells lacked microridges and had smooth surfaces.

The confluent cell layers could be maintained for
months in the basal culture medium, and the cells could
be successfully detached and subcultured by trypsin
treatment. The cultured cells were confirmed to subcul-
ture five passages.

Fig. 1 Photomicrograph of
primary-cultured gill cells from
red sea bream (Pagrus major). a
Cells at day 5 after seeding; scale
bar, 100 pm. b. Cells at day 18
after seeding; scale bar, 200 pm.
The majority of the bottom of the
culture plate was covered with 1—
2 layers of cells at confluence. c.
Scanning electron micrograph of
the surface of the gill cells; scale
bar, 10 pm. The cell in the center
displays a typical pattern of
microridges characteristic of
epithelial cells of fish gill filament
(asterisk)

Tolerance of the gill cells to seawater

The cultured gill cells were saltwater-tolerant;
98.3 + 0.4% (mean + SE) of the SWM-3-treated
plates (Fig. 2a) and 97.2 £ 0.7% of the IMK-treated
plates (Fig. 2b) was covered with live cells for 4 h at
20 °C, and no significant differences were observed
between the L-15 culture medium. Although signifi-
cantly different to that of the control (P = 0.045),
96.1 + 1.0% of the cells of the SWM-3-treated plates
still survived for 6 h (Fig.2a). Therefore, red sea
bream gill cells could resist direct exposure to a
seawater-based medium for at least 4 h.

Exposure to K. mikimotoi

Exposure to K. mikimotoi caused a high percentage of
gill cells to detach from the bottom of the culture plate,
and the area of live cells significantly decreased
(P < 0.0001) compared to that of the control treatment
(SWM-3 media) (Fig. 3). K, mikimotoi cells adhered to
gill cells on the bottom of the culture plate and strongly
fluoresced so we evaluated the survival ratio of gill cells
by the live cell coverage. Live cell coverage was only
17.6 + 5.4% (Fig. 4a) on the plate following
K. mikimotoi exposure, compared to 97.0 = 0.5% of
control cells exposed to SWM-3.

The area of live cells decreased to 61.0 + 3.6% of the
plate after exposure to ruptured K. mikimotoi cells (Figs.
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Fig. 2 Effect of seawater-based medium exposure on cultured gill
cell viability. Cells were exposed to SWM-3 medium for 4 or 6 h
(a), and IMK medium for 4 h (b). Values represent means + SEs of
live cell coverage (%) in triplicate wells. L-15: Leibovitz’s L-15
culture medium; IMK: Daigo IMK medium

3d and 4a) and was significantly different to that of the
SWM-3 treatment (P < 0.0001). However, no signifi-
cant differences were observed between the effect of the
filtrate (cell-free medium) (88.5 + 4.6%) and the SWM-
3 treatment (Fig. 4a).

Cytotoxicity was detected after the concentrated rup-
tured cells of K. mikimotoi had been centrifuged at
3000xg, which significantly decreased the live gill cell
coverage to 53.7 = 12.0% (P = 0.0350) (Fig. 4b). How-
ever, after the concentrated ruptured cells of
K. mikimotoi had been re-centrifuged at 10,000xg, the
live gill cell coverage of the fraction did not significantly
decrease (P = 0.9864), although some gill cell damage
was observed in the supernatant (P = 0.0350) (Fig. 4b).
Significant cytotoxicity was also detected in the 5X
concentration of ruptured cells (positive control)
(P = 0.0350). In addition, the live gill cell coverage
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significantly decreased with increasing concentrations
of ruptured cells (P < 0.001) (Fig. 4c).

Significant cytotoxicity was also detected in the 5X
concentration of ruptured cells after freezing and
thawing (P = 0.0189) though cytotoxicity was weak-
ened; and cytotoxicity almost disappeared after heat
treatment (P = 0.7972) (Fig. 4d).

Exposure to K. papilionacea phylotype-I,
K. papilionacea, and H. akashiwo

Cytotoxicity was also detected as a result of exposure to
K. papilionacea phylotype-I, which significantly de-
creased the live gill cell coverage compared to the
IMK media (Fig. 5c). Live gill cell coverage decreased
to 44.7 £ 2.9% after Ksp1 exposure (P = 0.0002) and to
79.3 + 3.2% after Ksp6 exposure (P < 0.0001). No
significant difference was detected in live cell coverage
between media containing K. papilionacea phylotype-I
(Ksp 1) cells removed by filtration and the IMK medi-
um. Live gill cell coverage did not decrease significantly
after K. papilionacea (P = 0.3316) or H. akashiwo
exposure (P =0.1351) (Fig. 5b or a).

Discussion

Morphology of cultured red sea bream gill cells was
similar to that of a rainbow trout gill cell line, RTgill-W1
(Bols et al. 1994), and previous observations of primary-
cultured fish gill cells (Avella and Ehrenfeld 1997; Bui
and Kelly 2015; Leguen et al. 2007; Zhou et al. 2005).
Moreover, these cells exhibited seawater tolerance using
conventional plates. Using red sea bream gill cells is
unnecessary to acclimate the cells to seawater, thereby
making it is possible to directly expose the cells to
harmful marine microalgae. To our knowledge, this is
the first study that has developed an ichthyotoxicity
assay for HABs using the cultured gill cells of a fully
marine fish (oceanodromous).

Exposure to K. mikimotoi caused gill cells to detach
from the bottom of the microplate (Fig. 3¢). Detached
epithelia (epithelial cells lift) have been previously ob-
served in the gills of marine fish exposed to
K. mikimotoi (Mitchell and Rodger, 2007). The cytotox-
icity of the K. mikimotoi ruptured-cell suspension was
lower than that of the K. mikimotoi intact-cell suspen-
sion, and was almost non-existent in the cell-free medi-
um (Fig. 4a). Cytotoxicity of the concentrated ruptured-
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Fig. 3 Fluorescence images of cultured gill cells after exposure to different algal components of Karenia mikimotoi. a Leibovitz’s L-15
culture medium. b SWM-3 medium. ¢ Intact cells. d Ruptured cells. e Cell-free medium

cell suspension was mainly detected in the pellet that
had been resuspended after centrifugation at 3000xg
(Fig. 4b). The cytotoxicity of this suspension remained
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Fig. 4 Gill cell bioassay using three different algal components of
Karenia mikimotoi (a). Effect of a concentrated K. mikimotoi
ruptured-cell suspension after centrifugation (b), different concen-
trations of ruptured-cell suspension (c¢), and those after heating or
freezing/thawing (d) on gill cell viability. Km: intact cells of
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after freezing though cytotoxicity was weakened but
almost disappeared after heating (Fig. 4d). Therefore,
K. mikimotoi cytotoxicity may be caused by labile
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thawing. Values represent means + SEs of live cell coverage (%)
in triplicate wells. Asterisks indicate significant differences
(P < 0.05) in exposure to SWM-3 medium
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Fig. 5 Effect of different algal strains on gill cell viability. a Ha:
Heterosigma akashiwo. b Kpl and Kp9: Karenia papilionacea. ¢
Kspl and Ksp6: K. papilionacea phylotype-1. Cell-free: cell-free
medium; L-15: Leibovitz’s L-15 culture medium; SWM-3: SWM-

substances that are transmitted by direct contact between
K. mikimotoi cells and gill cells. Zou et al. (2010)
reported that K. mikimotoi cells attack the membranes
of mammalian erythrocytes and rotifers by direct cell-to-
cell contact. However, they did not observe any toxicity
in K. mikimotoi ruptured-cell suspensions (Zou et al.
2010); in contrast, toxicity in K. mikimotoi ruptured-
cell suspensions was observed in the present study. This
difference may be due to the instability of the toxicant,
or differences between cultured gill cells, rotifers, and
erythrocytes in assay sensitivity. Although several hy-
potheses have been proposed regarding the mechanism
involved in K. mikimotoi toxicity, no conclusive evi-
dence has been found (Mooney et al. 2009). Gymnocin,
which is a cytotoxic polyether, has been isolated from
K. mikimotoi (Satake et al. 2002, 2005), but is weakly
toxic to fish and has extremely low solubility in water. It
has also been proposed that polyunsaturated fatty acids
and/or palmitic acid in the membranes of Karenia spp.
are toxic (Mooney et al. 2011). Ishimatsu et al. (1996)
hypothesized that ROS released by Chattonella cells
stimulate fish gills to secrete mucus that traps the
Chattonella cells, thereby destroying the gas exchange

@ Springer

3 medium; IMK: Daigo IMK medium. Values represent
means + SEs of live cell coverage (%) in triplicate wells. Asterisks
indicate significant differences (P < 0.05) in exposure to a seawa-
ter-based medium

capability of the gills by diverting the respiratory water
current away from the lamellae. However, ROS pro-
duction by K. mikimotoi is 10-fold lower than that of
Chattonella (Mooney et al. 2011; Yamasaki et al.
2004), and ROS production by K. mikimotoi has been
shown to have no effect on rainbow trout gill cells
(Mooney et al. 2011). Therefore, it seems unlikely
that ROS production by K. mikimotoi is involved in
fish killing.

K. papilionacea and H. akashiwo were not toxic to
gill cells (Fig. 5b and a), which supports the results of
previous studies that also showed that the two HAB-
causing species were not very toxic to fish (Brand et al.
2012; Imai et al. 2006). On the other hand,
K. papilionacea phylotype-I showed toxicity to gill cells
(Fig. 5c¢), but not in the cell-free medium preparation,
similar to K. mikimotoi. It has recently been reported
that the two strains of K. papilionacea (originally col-
lected from New Zealand and USA.) produce very low
concentrations of brevetoxin, a neurotoxic compound
that is also produced by Karenia brevis (Fowler et al.
2015), and characterized this dinoflagellate as a poten-
tially toxic species. Thus, it is important to continue
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studying K. papilionacea phylotypes found in Japanese
waters.

In conclusion, the toxicity of harmful marine
microalgae on gill epithelial cells of marine fish
was assessed using a simple and effective method.
To our knowledge, this is the first study that has
developed a toxicity assay for HAB species using
cultured gill cells of an oceanodromous fish. Using
this gill cell assay method, in our future studies, we
plan to identify the cytotoxic substances responsible
for ichthyotoxicity of K. mikimotoi, and to elucidate
the effects of environmental conditions on the level
of toxicity of this microalga.
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