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Abstract Fish are particularly sensitive to metabolites
produced by Raphidophyte species and these have
caused intensive fish kills in several countries. However,
the effects on embryos of marine fish are unknown but
could probably provoke an important impact on new
stock recruitment and hence on fisheries. We evaluated
the toxic effects of Chattonella spp. strains from the
Gulf of California on three development stages of
spotted sand bass (Paralabrax maculatofasciatus):
embryo in segmentation stage (ES), embryo (EM),
and eleutheroembryo (EL). Embryos (ES) were exposed
to different cell concentrations of Chattonella subsalsa,
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Chattonella marina, Prorocentrum micans, and f/2
medium as control. Also, one set of embryos was tested
with cell-free media for C. subsalsa cultures. Incubation
lasted until embryos reached apterolarva phase. The ES
was the most sensitive stage reaching 98% mortality
with C. subsalsa, followed by cell-free media of C.
subsalsa cultures, with mortalities close to 90%,
whereas EM and EL phases presented mortalities below
60%. This work demonstrates that larval stages of P.
maculatofasciatus are highly sensitive to short time
exposure to all Chattonella spp. strains tested, that direct
physical contact with cells is not required to cause
mortality, and that the toxic effect is more pronounced
when embryos hatch.
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Introduction

Raphidophyte species are single-celled microalgae that
can form harmful algae blooms (HAB) and produce
diverse toxic metabolites such as brevetoxin/breve-
toxin-like compounds (PbTx) (Khan et al., 1995, 1996;
Bourdelais et al., 2002; Marshall et al., 2003; Band-
Schmidt et al., 2012), reactive oxygen species (ROS)
(Tanaka et al., 1994; Marshall et al., 2002a; Hiroishi
et al., 2005; Band-Schmidt et al., 2012), nitric oxide
(NO) (Kim et al., 2006, 2008), high concentrations of
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free fatty acids (FFA) (Marshall et al., 2002b, 2003),
hemagglutinin and hemolysin compounds (Fu et al.,
2004; Kuroda et al., 2005; de Boer et al., 2009), and
possibly some unidentified labile molecular com-
pounds (protein or peptide) (Shen et al., 2010). The
mode of action of these diverse toxic metabolites is not
clear, but a synergic toxic effect of at least two of these
metabolites of these species has been proposed (Mar-
shall et al., 2003; Shen et al., 2010).

Fish are particularly sensitive to these metabolites,
Raphidophyte species have caused intensive fish kills
in several countries (Australia, Greece, Japan, New
Zealand, Norway, Uruguay, and USA), causing
important economic losses primarily in fish farming
in tropical, subtropical, and temperate regions (Okai-
chi, 1989; Chang et al., 1990; Horner et al., 1997;
Tiffany et al., 2001; Lars-Johan et al., 2002). Further-
more a significant impact has been observed on natural
fish populations, but the loss has not been quantified
accurately since a great number of organisms settle to
the bottom and/or decompose rapidly (Bourdelais
et al., 2002; Jugnu & Kripa, 2009).

The presence of Chattonella, Fibrocapsa, and
Heterosigma genus has been reported along the
Mexican coast (reviewed by Pérez-Morales & Band-
Schmidt, 2011). In the Gulf of California, HAB’s of
Chattonella have been associated with mortalities of
fish, mollusk, crustaceans, and other marine animals
(Barraza-Guardado, et al., 2004; Cortés-Altamirano
et al., 2006).

Most toxicity studies have focused on the effect of
Raphidophyte species on adult fish (Ishimatsu et al.,
1996; Hishida et al., 1999; Lee et al., 2003; Marshall
etal.,2003; Shen et al., 2011). However, the impact on
marine fish embryos has remained unknown, and
probably due to the higher sensitive of the early
development stages the impact on their survival has
important effects on new stock recruitment and hence
on the fisheries.

The toxicity was determined in bioassays for
study the impact of Chattonella spp. strains from
the Gulf of California on the spotted sand bass
embryos (Paralabrax maculatofasciatus). P. macu-
latofasciatus inhabits bays and estuaries in the
eastern Pacific coast, from northern San Francisco
Bay, California, USA to the coast of Sinaloa,
Mexico, including the Gulf of California (Allen
et al., 1995). This species was selected as a test
organism, since culture conditions have already

@ Springer

been established with spontaneous spawning brood-
stock, which are induced to gonadal maturity by
photo-thermal control, without chemicals or manual
treatments (Rosales-Velazquez, 1997); this fish has
a high commercial value, and cohabits in the same
geographical area where Chattonella blooms have
been reported (Allen et al., 1995; Alvarez-Gon-
zalez et al., 2001; Lopez-Cortés et al., 2011).

Materials and methods
Algal growth
Strains

Strains of the Raphidophyceae Chattonella subsalsa
(CSNAV-1), C. marina var. ovata (CMOPAZ-1), and
C. marina var. marina (CSPV-3 and CSCV-1), and the
dinoflagellate Prorocentrum micans were isolated
from Gulf of California, Mexico. For details of
Chattonella strains isolation see Band-Schmidt et al.
(2012). All strains were maintained in 50 ml culture
tubes with 25 ml of media, under controlled condi-
tions at 23 £ 1° C, salinity of 35 £ 1%o, 12:12 light
dark cycle and 150 pumol m 2 s~' of illumination.
The seawater was filtered under a low vacuum on
Whatman GF/F filters sterilized and enriched with {/2
medium nutrients adding selenium (H,SeO5; to
107 M) and lowering the copper concentration
(CuSO, to 1078 M).

Growth curves

Triplicate 100 ml batch cultures of each strain were
grown in 250 ml polycarbonate culture tissue flasks
and maintained in conditions described previously.
Every second day, a subsample of 2 ml culture was
fixed in Lugol’s iodine and counted in 1 ml Sedge-
wick-Rafter counting slide under an optical micro-
scope (Carl Zeiss) until cultures reached the stationary
phase of growth. Cell density was used to calculate
exponential growth rates according to Guillard (1973).
Cultures of Chattonella spp. and P. micans were
doubled stepwise in volume from 25 to 2,500 ml,
inoculating 10% of culture in modified /2 medium
(see above).
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Fish culture
Capture of fish broodstock

Adult P. maculatofasciatus were collected in Bahia de
La Paz using nylon lines and hooks with pieces of giant
squid (Dosidicus gigas) as bait. Fish were transported to
the laboratory, then were put in a fresh-water bath for
10 min (the change from saline to freshwater allowed to
remove any parasites), after which the fish were
distributed in four tanks of seawater at 23° C in a
Closed System for Spawning Induction (CSSI).

Fish maintenance

Adults of P. maculatofasciatus were quarantined for
2 weeks to adapt them to captivity conditions and to
recover from the stress of the fishing effort. They were
placed in four tanks with a proportion of six females and
four males in the CSSI. The seawater was previously
filtered through two cartridge filters (5 and 1 pm pore
size), disinfected with eight ultraviolet lamps (30 W),
maintained at 23° £ 1° C, and kept under a 13:11 h
light—dark cycle. From the second day of captivity the
broodstock was fed silver mojarra (Eucinostomus spp.) to
satiety as recommended by Rosales-Velazquez (1997).

Water quality

To sustain good water quality the CSSI tanks were cleaned
regularly and dissolved oxygen (mg 17" % 0.001), tem-
perature (°C % 0.001), and salinity (%o £ 0.001) were
monitored daily. Ammonia (NH4", mg 1" 4+ 0.01) and
nitrite (NO,, mg 1! £ 0.001) levels were monitored
weekly according to Strickland & Parsons (1972).

Embryos for exposure experiments

The embryos of P. maculatofasciatus were obtained
by natural spawning from the broodstock kept in
captivity at the CSSI. Before starting the bioassays,
embryos quality was verified by observing the mor-
phology of the blastomeres based on the evaluation
parameters proposed by Shields et al. (1997).

Embryo development time

The development time of P. maculatofasciatus from
embryo to eleutheroembryo in segmentation phase at

23°C was determined, in order to find out the time when
the observations would be conducted during the toxicity
tests. The identification of each of the development
stages was based on previous work done by Ortiz-
Galindo (pers. comm.); a sample (30 individuals) was
taken from embryos incubated and observed under a light
microscope to identify the characteristics of each phase,
the sample was returned and another sample was taken
for the next observation to avoid drying due to constant
exposure of the embryos to the microscope light. Once
each phase of embryonic development was identified and
the duration in time was registered, data was adjusted to a
logistic growth model. The curve was calculated using
CurveExpert Pro (data analysis software system, 2012),
v. 1.6.5 (http://www.curveexpert.net).

Embryo toxicity test

The sensitivity of P. maculatofasciatus to Chattonella
spp. strains was determined in three phases of embryo
development: embryo in segmentation (ES), embryo
(EM), and eleutheroembryo (EL) ending the exposure
when the apterolarva phase was reached (Fig. 1).
After fertilization, when the segmentation started in
the embryos (ES), 1 embryo per well was transferred in
48 polystyrene microdilution well-plates (total of 48
embryos per plate) using a sterile Pasteur pipette,
according to the methodology proposed by Panini et al.
(2001). In each well 1 ml of different cell concentrations
was added of Chattonella subsalsa (2, 4, 6, 8, and
10 x 10 cell ml™"), C. marina var. ovata (2,4,6,8,and
10 x 10° cell mlfl), C. marina var. marina (4, 6, and
8 x 10° cell mlfl), the nontoxic dinoflagellate Proro-
centrummicans (4and8 x 10° cell ml™"), and modified
/2 medium that was used as control, worth noting that
only cell concentrations that were available were used in
bioassays. Additionally, one set of embryos was tested
with cell-free media of C. subsalsa cultures (4 and
8 x 10’ cell mI™") and modified f/2 medium as a
control. For cell-free culture media of C. subsalsa were
filtered through glass fiber filters (Whatman GF/F, VWR,
Sweden, @ 25 mm, and pore size of 0.47 pm) with a
vacuum pump to 380 mmHg (15 inches Hg) of pressure.
The plates with embryos were incubated in triplicate
with continuous light and kept in an acrylic incubator at
23° C. Experiments with EM and EL were evaluated
only with C. subsalsa (2, 4, and 8 x 10* cell ml™"),
which were placed with 200 pl of sterile seawater,
adding their respective cell concentration to achieve the
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Fig. 1 Initial development
stages of Paralabrax
maculatofasciatus embryos
used to evaluate the toxicity
of Chattonella spp. strains.
Full arrows indicate the
bioassays with Chattonella
subsalsa and cell-free media
culture of C. subsalsa, empty
arrow indicates the
bioassays with C. marina
var. ovata and C. marina
var. marina

Embryo in
segmentation

desired exposure phases (8 h and 22 h later, respec-
tively) to reduce handling. The observation of the plates
was performed at 8 h (embryo phase), at 22 h (eleut-
heroembryo phase), and afterward every 12 h. In each
observation the survival of embryos was registered.
Experiments were completed when the development
phase changed from embryo to larvae (apterolarva) at
70 h approximately corresponding to the larval period,
at this time the yolk sac is fully absorbed and exogenous
feeding initiates (Balon, 2001). The experiments con-
cluded at 70 h because larvae were not feed.

Probit analysis

This test is used to assess the level of stimulus that is
necessary to obtain a response in a group of individ-
uals of a population (Song & Lee, 2005; Embry et al.,
2010). The Probit test is a regression model special-
ized of response variables binomial, transforms sig-
moid responses in linear. The level of stimulus that
causes a response in 50% of individuals from the
population under study are characterization parame-
ters for the bioassay denoted as LCs, (median lethal
concentration) and LT5y (median lethal time) (Bedaux
& Kooijman, 1994). Therefore, the LCsy and LTs
were calculated by Probit analysis.

Statistical analysis

All treatments were repeated at least five times with
different batches of embryos, in order to avoid any
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effect by use only one; with the data set obtained,
statistical tests were performed as follows: to detect
significant differences in the percentage of embryos
survival over time, the normality of the data was
calculated using the Kolmogorov—Smirnov test and
the homogeneity of variance with the Levin test. When
the homogeneity test was accepted the means were
compared using one-way or two-way statistical anal-
yses of variance (ANOV A) with Tukey’s post hoc test.
The minimum level of statistic significance was set at
P < 0.05. Results are reported as average plus the
standard error of the mean. Statistical analyses were
done using STATISTICA (StatSoft, Inc., 2007) v. 8.0
(http://www.statsoft.com).

Results
Embryo development time

The development time of embryo in segmentation
(ES), embryo (EM), and eleutheroembryo (EL) phases
were identified in P. maculatofasciatus (Fig. 2). At
time O of development, the first cleavage started with
blastomeric division at 2 cells, this was identified as
ES phase and considered until the morula form at 1 h.
After 8 h the late gastrula was observed, which was
considered as EM phase.

After late gastrula, optic and ootic vesicles, noto-
chord segmentation, somites pigmentation, and the
heartbeat were observed; hence hatching occurred,
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and at 22 h EL phase of development was identified
which is characterized by a free embryo with yolk sac.
At ~70 h was observed the change of development
phase from embryo to larvae (apterolarva) showing
the yolk sac fully absorbed, at this time exogenous
feeding initiates.

The development curve calculated with the logistic
model of growth for P. maculatofasciatus showed three
intervals related to the three phases of embryonic
development (ES, EM, and EL), these intervals reflect
the main morphological and physiological changes
observed in fish with indirect ontogeny (Balon, 2001;
Falk-Petersen, 2005). These development stages are
more suitable for toxicity testing since the evaluation of
the effects of chemicals in the embryonic stages of fish are
reliable alternatives to the commonly made with juve-
niles or adults (Belanger et al., 2010; Embry et al., 2010).

Embryo toxicity test with cells of Chattonella
subsalsa

Embryo in segmentation

Significant mortality differences (98%) in embryos of P.
maculatofasciatus were observed in treatments with

C. subsalsa with concentrations from 6 to 10 x 10>
cell ml™" compared with the control (Fig. 3A). Mortality
increased markedly from 6 to 91%, after 8 h of exposure,
when the embryo is fully formed. Then a slight increase
was observed from 34 h toward the end of the test. With
the concentration of C. subsalsa of 4 x 10% cell ml™!, a
gradual increase with maximum mortalities of 44 + 8%
at 70 h was observed. With the rest of the evaluated
treatments of C. subsalsa (2 x 10 cell ml™!) and P.
micans (4 and 8 x 10° cell ml_l) mortalities were lower
than 25% at 70 h of exposure, presenting no significant
difference with control treatments.

Embryo

During the embryo phase, mortality percentage differed
at a concentration of C. subsalsa of 8 x 10* cell m1™"
(Fig. 3B) showed a higher mortality at 34 h (37 £ 2%).
When eleutheroembryo phase is present, mortality
increased until the end of test (47 + 1%). Prorocentrum
micans (8 X 10° cell ml_l) showed the lowest per-
centage of mortality (9 £ 4%) similar to the control
treatment (11 &= 2%). The rest of the cell concentrations
tested of C. subsalsa (2 and 4 x 10° cell mlfl) and
P. micans (4 x 10° cell mI™") showed no significant
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Fig. 3 Mortality (%) of 1007 A —>C. subsalsa 6, 8 & 10-103 cell-ml-
Paralabrax
maculatofasciatus, 80
A embryo in segmentation
exposed to Chattonella :\o\
subsalsa (CSNAV-1) ; 60 -
(2,4,6,8, and =
10 x 10° cell ml™h), g o —>C. subsalsa 4:10° cell-ml
B embryo, and EO 401
C eleutheroembryo exposed —>C. subsalsa 2-10° cell-ml"!
to Chattonella subsalsa 204 —> Control & P. micans 4-10° cell'ml!
(CSNAV-1) (2, 4, and —>P. micans 8-103 cell-mI"!
8 x 10% cell mlI™1), as well
as Prorocentrum micans (4 012 . . . . .
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22 34

difference in the percentage of mortality compared with
the control, with values below 20%.

Eleutheroembryo
During the eleutheroembryo phase the highest mor-
tality (53 £ 5%) of P. maculatofasciatus was

observed with the highest concentration of C. subsalsa
(8 x 10° cell ml™"), followed by the exposure to
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46 58 70

Time (hours)

4 x 10% cell mI™" of C. subsalsa with maximum
mortalities of 39 £ 4%, both showing significant
mortality differences compared with the control
(Fig. 3C). With the rest of the evaluated treatments
of C. subsalsa of 2 x 10° cell ml~" and P. micans of 4
and 8 x 10° cell ml~! the lowest mortalities (~20%)
at the end of test were observed, which did not differ
significantly from control treatments with a mortality
of 12 & 3%.
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Fig. 4 Mortality (%) of 1007 A
Paralabrax
maculatofasciatus, —>C. subsalsa 8-10° cell-ml-!
A embryo in segmentation, 80 1
B embryo, and
C eleutheroembryo exposed = .
to cell-free media of X 601 Cell-free media
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(CSNAV-1) (4 and ©
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Embryo toxicity test with cell-free media
of Chattonella subsalsa cultures

Embryo in segmentation

Significant mortality differences were observed
(86 £ 4%) in embryo in segmentation of P. maculato-

Time (hours)

fasciatus in treatments with cell-free media of C. subs-
alsa cultures with cell densities of 8 x 10° cell ml™"
(Fig. 4A), showing a constant linear increase in
mortality from O to 70 h, compared with the exposure
of cell-free media obtained from C. subsalsa cultures
with a lower density (4 x 10 cell ml™"), showing an
increase in mortality at 46 h (17 £ 3%) when the
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eleutheroembryo phase is present, maintaining a
gradual increase until the end of test (51 & 4%). Both
treatments showed significant mortality differences
compared with the control at 70 h.

Embryo

During the embryo phase the highest mortality
(59 £ 6%) of P. maculatofasciatus was observed with
cell-free media of C. subsalsa cultures with a cell density
of 4 x 10° cell ml™" (Fig. 4B), showing a linear
increase in the mortality from the beginning (8 h) until
the end of the test (70 h), followed by the exposure with
cell-free media of C. subsalsa cultures of 8 x 10°
cell mI™' with maximum mortalities of 41 & 6%,
showing a slight increase in mortality from 46 h
(14 &= 3%) to 70 h (41 & 6%). Both treatments pre-
sented significant differences in the percentage of
mortality compared with the control at the end of the test.

Eleutheroembryo

During the eleutheroembryo phase the mortality
between treatments with cell-free culture media of
C. subsalsa from 4 to 8 x 10% cell ml™" (Fig. 40),
from the beginning of exposure (22 h) until 58 h, was
similar. At the end of the test, the maximum mortal-
ities observed in embryos of P. maculatofasciatus in
cell-free media of C. subsalsa cultures of 4 and
8 x 10° cell ml™', were 49 4+ 5% and 35 + 4%,
respectively, which differed significantly from
controls.

Embryo toxicity test with cells of Chattonella
marina strains

When exposing P. maculatofasciatus from embryo in
segmentation to eleutheroembryo, the concentrations
of C. marina var. ovata of 4 to 8 x 10° cell ml™"
(Fig. 5A) showed significant increases in mortality
(48, 86, and 58%, respectively) from 8 h to 34 h of
exposure. The maximum mortality of 96% was
obtained with a concentration of C. marina var. ovata
of 6 x 10% cell ml~". Higher concentrations of C.
marina var. ovata (10 x 10° cell ml™!) exhibited the
lowest mortality (6 & 2%).

Paralabrax maculatofasciatus exposed to concentra-
tions of C. marina var. marina (CSPV-3) from 4 to
8 x 107 cell mlI™' showed an increase in mortality from
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8 h to 34 h (Fig. 5B), obtaining the highest mortality
(91 £ 8%) with a concentration of C. marina var.
marina (CSPV-3)of 8 x 10° cell ml™" at the end of test,
which shown a significant difference with the control.
Concentrations of C. marina var. marina (CSCV-1) from
4108 x 10° cell ml~" showed no significant difference
in relation to the control, with mortality below 15%,
which were lower than those obtained with P. micans
(4 x 10° cell mI™") and in the control (24 + 6% and
23 &£ 5%, respectively) (Fig. 5C). The gradual increase
in mortality (3—14%,) of P. maculatofasciatus exposed to
Chattonella began after 8 h of exposure and lasted the
duration of the test.

Probit analysis
Median lethal concentration LCsy

Of the three phases of embryonic development
assessed (ES, EM, and EL) with C. subsalsa, the
period of embryo in segmentation to apterolarva of P.
maculatofasciatus was the most sensitive, with a LCs,
of 3.2 x 10° cell mI™! (Table 1). The less sensitive
periods were the phases of embryo and eleutheroem-
bryo to apterolarva with a higher LCsy (9.87 and
8.37 x 10° cell ml™", respectively). With the rest of
strains tested from embryo in segmentation to apt-
erolarva, C. marina var. ovata showed the lowest LCs
(1.73 x 10° cell ml™") while C. marina var. marina
(CSPV-3) and C. subsalsa showed a similar LCsy of
~3 x 10 cell mI™'. The strain of C. marina var.
marina (CSCV-1) had mortalities below 50%; there-
fore the LCsq could not be calculated. Test with cell-
free media of C. subsalsa cultures was realized with
two concentrations; therefore the LCsy could not be
calculated.

Median lethal time LTs,

The LTs( values in the period of embryo in segmenta-
tion (ES) to apterolarva when exposed to C. subsalsa
from 6, 8, and 10 x 10 cell ml~" were similar and
lower (~20 h) than those found for EM and EL phases
with a LTsq of 59 h 32 min and 54 h 31 min (respec-
tively), at a cell concentration of 8 x 10° cell ml™!
(Table 2). In the test for ES with cell-free media of
C. subsalsa culture of 8 x 10° cell ml™"', the LTs,
(40 h 01 min) observed was low, whereas for EM and



Hydrobiologia (2014) 722:247-261

255

—>C. marina var. ovata 6-10° cell-ml-!

. marina var. ovata 8103 cell-ml-!

. marina var. ovata 4-10° cell-ml-!

. marina var. ovata 2:103 cell-ml-!

. micans 4-10% cell-ml"' & Control

. micans 8-108 cell-ml!
. marina var. ovata 10-10° cell-ml!

. marina (CSPV-3) 8:103 cell-ml-!
. marina (CSPV-3) 6:103 cell-ml-

. marina (CSPV-3) 4-10% cell-ml"!

. micans 4-10° cell-ml-* & Control

. micans 8:10% cell-mI-!

Fig. 5 Mortality (%) of 100 A
Paralabrax
maculatofasciatus from 80
embryo in segmentation to
apterolarva, exposed to ;\3
A Chattonella marina var. g 60
ovata (CMOPAZ-1) (2,4, 6, =
8, and 10 x 10° cell ml™Y), =
B Chattonella marina var. s
marina (CSPV-3) (4, 6, and
8 x 10° cell ml™h), 20
C Chattonella marina var.
marina (CSCV-1) (4, 6, and 04
8 x 10° cell ml™h),
Prorocentrum micans (4 and 100
8 x 10° cell mI™'"), and
modified f/2 media as
control 801
9
= 60 A
‘_.é
o 40+
=
20
0 4
100 C
80
g 60
=
S
S 40
=
201
0.

& ——#& —>P. micans 4-10° cel'mI"" & Control

E £ —>P. micans 810° cell mi

¥ 1 —>C. marina (CSCV-1) 4, 6 & 8103 cell-ml"!

‘/
X

0 8 22

34 46 58 70

Time (hours)

EL phases the LTs, was similar (61 h 45 min and 69 h
13 min, respectively) with cell-free media of C. subsalsa
from cultures with a density of 4 x 10* cell ml~'. With
C. marina var. ovata the LTs at cell concentration of
6 x 10° cell mI™" was nearly 1 day (23 h, 37 min),
during the first 24 h development to apterolarva In
contrast, with embryos exposed to C. marina var. ovata
(2 x 10° cell mlfl) the LTso was more than doubled
(53 h, 37 min). The LTs, of embryos in segmentation
phase was inversely proportional to the cell concentra-
tion of C. marina var. marina (CSPV-3), with a
concentration of 8 x 10° cell ml~! the LTs, was of

28 h, and with a concentration of 4 x 10° cell ml™" the
LTsy was ~42 h.

Discussion

Raphidophyte species have been reported off the
Mexican Pacific and coast of Gulf of Mexico
(reviewed by Pérez-Morales & Band-Schmidt,
2011). In this study we tested several Raphidophyte
strains from the Gulf of California which have been
studied extensively, and which produce brevetoxin-
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Table 1 Lethal concentration 50 (LCsg) calculated for Para-
labrax maculatofasciatus embryos, in ES embryo in segmen-
tation, EM embryo, and EL eleutheroembryo exposed to
different Chattonella strains

Species Embryo LCso
(strain code) development (x10° cell ml™}h)
phase

C. marina var. ovata ES 1.73
(CMOPAZ-1)

C. marina var. marina ES 3.06
(CSPV-3)

C. subsalsa (CSNAV-1) ES 3.20

C. subsalsa (CSNAV-1) EM 9.87

C. subsalsa (CSNAV-1) EL 8.37

like compounds, superoxide radicals and cause lipid
peroxidation (Band-Schmidt et al., 2012).

Worldwide studies (Ishimatsu et al., 1996; Hishida
et al., 1999; Lee et al., 2003) reveal the toxic effect of
Raphidophyte in juvenile and adult fish. Exposure of
Seriola quinqueradiata to Chattonella cells is known
to cause severe disturbances in respiratory, cardiovas-
cular, and osmotic functions. It is recently confirmed
that the exposure to C. marina could cause a series of
alterations in Rhabdosargus sarba, e.g., in respiratory
function, including a significant decrease in partial
pressure (pO,) of the arterial oxygen, disturbance of
gill lamella integrity, increase of plasma lactate, and
depletion of plasma glucose (Tang et al., 2005; Shen
et al., 2011).

Little is known about the potential impact on fish
embryos that are less able to avoid the high cell densities
during a HAB of Chattonella. There are no reports of
toxicity bioassays to evaluate the toxicity of Raphido-
phyte on fish embryos. We show that the exposure to C.
subsalsa causes significant mortalities on the different
stages of the development of P. maculatofasciatus.
Embryo in segmentation was the most sensitive devel-
opment phase with 98% of mortality, whereas the other
development phases of the embryo and eleutheroembryo
were only 50% or less of mortality. Exposure of embryos
to cell-free of C. subsalsa culture gave similar results,
showing ES phase the higher mortalities, whereas EM
and EL phases showed percentages of mortality <60%.
According to the Probit model the LCsq of C. subsalsa is
lower for embryo in segmentation (~3.2 x 10° cell
ml™") than for embryo and eleutheroembryo stages
(higher to 8 x 10° cell ml™"), additionally the LT for
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the embryo in segmentation bioassays with concentra-
tions from 6 to 10 x 10> cell ml_l, were three times
shorter than those determined for EM and EL with a
concentration of 8 x 10° cell ml™". With the cell-free
media of cultures at a density of 8 x 10 cell ml™" of
C. subsalsa the LTsq was shorter for ES (~40 h) than for
EM and EL stages (~70 h) with cell-free media of
cultures with a density of 4 x 10° cell ml~'. Both LCs
and LTso show that the segmentation phase of embryos
of P. maculatofasciatus is the most susceptible to the
exposure of C. subsalsa with or without cell contact.

Embryonic development in teleost fish with indirect
ontogeny presents physiological, morphological, and
biochemical changes between one development phase
and the other (Balon, 2001; Falk-Petersen, 2005;
Belanger et al., 2010). It is possible that the differences
in the mortality between the three phases of embryonic
development of P. maculatofasciatus exposed to C.
subsalsa (with or without cells), can be explained by
the chorion surrounding the unhatched embryo, which
is permeable to both salts and water fluxes, as well as
to certain molecules (Eddy et al., 1990; Finn, 2007).
Thus, such an ion exchange, this permeability will
facilitate entry of toxic metabolites produced by C.
subsalsa, making embryos more sensitive, resulting in
an increase in mortality during the segmentation
phase.

In addition to the effect caused by C. subsalsa cells
on embryo phases, we have shown that C. subsalsa
release under cell disturbance or disruption at least one
substance which is toxic to embryos of P. maculato-
fasciatus, this substance may be related to the release
of hemolytic compounds. Tests with cell-free culture
media from different toxic marine microalgae have
associated the release of hemolytic compounds, which
are toxic to fish, as the case of the microalgae
Karlodinium micrum, which has been associated with
high mortality on Danio rerio, Cyprinodon variegatus,
Lepomis macrochirus, Sciaenops ocellatus, Mugil
cephalus, Ctenopharyngodon idella, and hybrids of
striped bass (Morone saxatilis male x Morone chrys-
ops female) (Deeds et al., 2002; Kempton et al., 2002).

Hemolytic activity has been detected in several
Raphidophytes species, including Chattonella sp. (Fu
et al., 2004; Kuroda et al., 2005; de Boer et al., 2009).
In our work, the mortality percent of fish was variable
for the different embryo phases and for both cell-free
culture media and cellular concentrations tested. Thus,
it is possible that hemolytic compounds released by
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Table 2 Lethal time 50 Species (strain Concentration Embryo LTso

(LTsp) calculated for 3 —1
code) (x10” cell ml™") development

Paralabrax

. phase

maculatofasciatus embryos,

in ES embryo in C. marina var. ovata (CMOPAZ-1) 2 ES 53 h 37 min

segmentation, EM embryo, ) . .

and EL eleutheroembryo C. marina var. marina (CSPV-3) 4 ES 41 h 47 min

exposed to different cell C. marina var. ovata (CMOPAZ-1) 4 ES 34 h 53 min

concentrations and cell free C. subsalsa (CSNAV-1) cell-free media 4 ES 69 h 14 min

of Chattonella spp. strains C. marina var. marina (CSPV-3) 6 ES 33 h 38 min
C. marina var. ovata (CMOPAZ-1) 6 ES 23 h 37 min
C. subsalsa (CSNAV-1) 6 ES 20 h 41 min
C. marina var. marina (CSPV-3) 8 ES 28 h 00 min
C. marina var. ovata (CMOPAZ-1) 8 ES 28 h 35 min
C. subsalsa (CSNAV-1) 8 ES 20 h 08 min
C. subsalsa (CSNAV-1) cell-free media 8 ES 40 h 01 min
C. subsalsa (CSNAV-1) 10 ES 19 h 23 min
C. subsalsa (CSNAV-1) cell-free media 4 EM 61 h 45 min
C. subsalsa (CSNAV-1) 8 EM 59 h 32 min
C. subsalsa (CSNAV-1) cell-free media 4 EL 69 h 13 min
C. subsalsa (CSNAV-1) 8 EL 54 h 31 min

Chattonella caused different percentages of mortality
in embryo phases of P. maculatofasciatus.

Kuroda et al. (2005) observed that only broken cell
suspensions of C. marina produce potent hemolytic
activity, but intact cells suspension or its cell-free
supernatant do not show hemolytic activity, which
indicates that the hemolytic agents exist in certain
intracellular spaces of C. marina due to cell rupture.
These compounds are very light-dependent, because
no hemolytic activities were observed in the dark. We
perform all bioassays throughout continuous and
constant light so that the effect of hemolytic activity
could be constant.

Since the main development phase affected by C.
subsalsa was from the embryo in segmentation to
apterolarva, the remaining Chattonella strains were
tested only during this phase of the embryo develop-
ment. Mortality percentage for Chattonella marina
var. ovata, and two strains of C. marina var. marina
(CSPV-3 and CSCV-1) differed at each stage of
embryonic development. Furthermore, at cell concen-
trations of Chattonella strains that caused very high
mortalities, some embryos died without hatching (data
not quantified). Similar effects have been reported for
embryos of Oryzias latipes injected with brevetoxins
PbTx-1 and -3, which have also been shown to induce
developmental abnormalities, cardiovascular disfunc-
tion, and low survival (Kimm-Brinson & Ramsdell,

2001; Colman & Ramsdell, 2003). Recently, breve-
toxin-like compounds, which have molecular structure
similar to neurotoxins (Marshall et al., 2003), were
detected in Raphidophyte strains from the Gulf of
California (Band-Schmidt et al., 2012); it is possible
that these compounds can affect the process of
hatching in P. maculatofasciatus embryos.

Strains of C. marina var. ovata followed by C.
marina var. marina (CSPV-3) presented the highest
mortalities, which were proportional to cell concentra-
tion. However, the highest concentration tested of C.
marina var. ovata (10 x 10° cell mlfl) gave inconclu-
sive results. Such effects were also observed in studies
on two fishes, Acanthochromis polyacanthus and Oryz-
ias melastigma when exposed to various cell concen-
trations of C. marina, showing the highest toxicity
during logarithmic phase of growth and a decrease in
toxicity during the stationary phase (Marshall et al.,
2003; Shen et al., 2010). Marshall et al. (2003) reported
that A. polyacanthus exposed to concentrations of C.
marina from 0.25 to 35 x 10% cell ml™" caused mor-
tality in 143 £ 8 min at concentrations above
8 x 10° cell ml™" compared to fish exposed to lower
cell concentrations (89 + 6 min). It seems that less
toxic compounds are generated at higher cell concen-
trations. Otherwise, generation of ROS in Chattonella is
directly proportional to the cell density; maximum ROS
generation has been quantified during the exponential
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phase of growth, decreasing in stationary phase (from
>1.2 to about 0 of O, nmol 10~* cell min~"). For
details of Chattonella ROS generation see Kawano et al.
(1996).

Is well know that raphidophytes generate superox-
ide anion (O,), hydrogen peroxide (H,O,), and
hydroxyl radical (OH™); these compounds have been
proposed responsible for their toxicity (Tanaka et al.,
1994; Ishimatsu et al., 1996; Oda et al., 1997; Marshall
et al., 2002a). However, some workers reject the
involvement of ROS as the only cause of death on
exposure to marine fish; they report that the concen-
trations of H,0O, produced by C. marina are not
enough to cause lipid peroxidation in gills and
erythrocytes of R. sarba for which they require some
50 times more H,0, than that commonly generated to
cause some effect in gills, noting that other mecha-
nisms of toxicity are present in C. marina (Tang et al.,
2005; Woo et al., 2006).

Some bioassays showed no negative effects on P.
maculatofasciatus embryos since C. marina var.
marina (CSCV-1) elicited a low mortality (15%),
which is lower than in the controls (25%). Similar
results have been observed for different strains of
Fibrocapsa japonica where production of ROS and
hemolytic compounds differ widely (Hemolytic value
ECso from 0.4 to 1.9 x 10* cell mI™") (Oda et al.,
1997; Fu et al., 2004; de Boer et al., 2009). Chattonella
marina var. ovata caused an LCsq of 1.73 x 10° cell
ml~! in ES, lower than that calculated for C. subsalsa
3.2 x 10° cell mlfl). However, the LTsq values for
C. marina var. ovata and C. marina var. marina
(CSPV-3) were slightly higher than those calculated
for C. subsalsa with similar cell concentrations,
indicating that C. subsalsa can cause mortality in
embryos in a short time. Although differences in toxic
effects in this work could be strain specific. It has been
reported that C. marina var. ovata is highly toxic to
cultured marine fish (Pagrus major, Trachurus japo-
nicus, and Seriola quinqueradiata) and that it produces
high amounts of O, and H,0O,, which are associated
with fish kills (Hiroishi et al., 2005).

Toxicity in Chattonella species has also been
related to the high production of free polyunsaturated
fatty acids and their oxidation products. Marshall et al.
(2003) proposed that toxicity of Chattonella could be
explained by the production of free fatty acids (FFA).
Small amounts of the FFA may be toxic to fish, since
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0.2 mg 17! of the fatty acid 20:503 (eicosapentaenoic
acid) in the presence of superoxide (O, ) presents a
LTs, of 83 min which is equivalent to 4 mg 1~" of the
eicosapentaenoic acid (EPA) or ~1 x 10° cell ml™!
of a culture of Chattonella with both the EPA
concentrations and the Chattonella density being toxic
to fish.

HAB events of Chattonella antiqua, C. marina,
and H. akashiwo have been associated with high
mortalities of farmed fish species (Seriola quinqu-
eradiata, S. rivoliana, Spondyliosoma cantharus,
and Pagrus major) with fatty acids 16:4 and 18:4
identified as the main compounds that caused the
mortalities (Okaichi, 1989). Recently Band-Schmidt
et al. (2012) detected in Chattonella strains from
the Gulf of California that the most abundant fatty
acids were 18:4 ®-3 (18.2-21.8%) and 20:5 ®-3
(19.8-34.9%); the same FFA are associated with
mortalities for A. polyacanthus reported by Marshall
et al. (2003) Thus, these compounds may be
involved in the mortalities observed in P. macula-
tofasciatus embryos.

Shen et al. (2010) proposed that the toxins produced
by C. marina may be small and labile proteins or
peptides, which cannot be extracted by traditional
methods. The hypothesis of a synergistic effect
between two or more compounds, principally ROS
and FFA is perhaps the best option to explain the toxic
effect of Chattonella species.

For all bioassays tested in this work, the embryo
mortality observed in controls was approximately
20%; this is common under these experimental
conditions (Alvarez-GonzéleZ et al., 2001). The effect
of bacterial growth or lack of oxygen was not
evaluated; however, the embryo mortality in controls
was clearly lower than the embryos tested with
Raphidophyte strains for the three phases of embryo
development.

Last, this study indicates that different strains and
cells concentrations of Chattonella from the Gulf of
California cause high mortalities of embryos of P.
maculatofasciatus and perhaps other larval organisms.
Most notably, we determined the high mortality
caused by Chattonella strains on the initial develop-
ment of fish. However, more research is needed to
understand the effects of Chattonella and its toxicity
and elucidate the trigger factors that cause the high
mortality observed in marine fauna.
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Conclusion

This work demonstrates that larval stage of Paralab-
rax maculatofasciatus is highly sensitive to exposure
of Chattonella subsalsa and C. marina strains from the
Gulf of California, which reflected in high mortality in
a short-exposure time. It also shows that direct
physical contact with cells is not required to cause
mortality, and that the toxic effect is more pronounced
when embryos hatch. Paralabrax maculatofasciatus is
a useful organism for conducting bioassays to assess
the toxic effects of marine microalgae.
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