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Abstract

Six blooms of Heterosigma akashiwo (Raphidophyceae) were observed from March 2007 through March 2008 in
the Rodrigo de Freitas Lagoon, a semi-confined eutrophic system located in Rio de Janeiro state, southeast Brazil.
Vegetative cells of H. akashiwo analysed by optical and electron microscopy showed morphology as described in the
literature. The blooms (2.8 x 10* to 4 x 10® cell.L™") were restricted to the middle section of the Piraqué Channel, which
is situated in the northeastern part of the lagoon and receives freshwater inflow. The salinity of subsurface water and
the channel depth showed significant negative correlations with H. akashiwo abundances, and appeared to restrict the
blooms to this compartment of the lagoon. No fish mortality was associated with the H. akashiwo blooms, nor were
brevetoxins detected in a cell extract obtained from the bloom observed on 19 March 2007.
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Floracdes recorrentes de Heterosigma akashiwo (Raphydophyceae) no Canal
do Piraqué, Lagoa Rodrigo de Freitas, sudeste do Brasil

Resumo

Seis floragdes de Heterosigma akashiwo (Raphidophyceae) foram observadas em margo de 2007 a margo de 2008
na Lagoa Rodrigo de Freitas, um sistema semi-confinado eutrofico localizado no Rio de Janeiro (Sudeste do Brasil).
As células vegetativas de H. akashiwo analisadas por microscopia optica e eletronica mostraram morfologia como
descrito em literatura. As floragdes (2.8 x 10* a 4 x 10® cel.L™") foram restritas a zona intermédia do canal Piraqué,
que se situa na parte nordeste da lagoa e recebe aporte de dgua doce. A salinidade da sub-superficie da 4gua e a
profundidade do canal apresentaram correlagdo negativa significativa com a abundancia de H. akashiwo e parecem
determinar a formagao de floragdes restritas a este compartimento da lagoa. Nao houve mortalidade de peixes durante
as floragdes de H. akashiwo e ndo foi detectada a presencga de brevetoxinas em um extrato celular obtido a partir da
florac¢do observada em 19 de marco de 2007.

Palavras-chave: morfologia, taxonomia, floragdes, lagoa costeira urbana, Rio de Janeiro.

1. Introduction

Blooms of the ichthyotoxic raphidophyte Heterosigma
akashiwo (Hada) Hada occur widely in coastal ecosystems
at different latitudes, where they are frequently responsible
for extensive losses to farmed and wild fish stocks
(O’Halloran et al., 2006; Kempton et al., 2008). Adverse
and allelopathic effects of H. akahiswo are also known
for various marine invertebrates including copepods,
ciliates, larvae and adults of oysters, shrimps, and scallops
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(Connell et al., 1997; Keppler et al., 2005; Wang et al., 2006;
Yu et al. 2010). Up to now, no toxic effects in humans have
been reported. Although the cause of the adverse effects
or the occasional toxins produced by H. akashiwo have
not been properly characterised, the harmful mechanism
seems to be related to excessive mucus secretion and the
production of reactive oxygen species (ROS), which can
damage the gills of fish and blocks the exchange of O,,
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resulting in asphyxiation and death (Nakamura et al.,
1998; Ling and Trick, 2010). Although some studies of
samples from blooms or from cultures have revealed
the presence of brevetoxin-like compounds (Khan et al.,
1997; Haque and Onoue, 2002), these toxins do not occur
widely (Lewittus and Holland, 2003; Zhang et al., 2004).
In any case, toxicity or harmful effects seem to vary among
different ecotypes, and are also potentially affected by
environmental conditions such as nutrient concentrations
(Jack Rensel et al., 2010).

In Brazil, blooms of H. akashiwo were first reported
in the estuarine complex of Paranagud, state of Parana
in the southern part of the country, in March 2001 and
later in November 2004, with cell concentrations up to
2.6 x 10° cells.L! (Proenga and Fernandes, 2004) and
0.5 x 106 cells.L™! (Mafra, 2005), respectively. The 2001
bloom at Paranagua was associated with fish mortality,
resulting in prohibition of fishing and shellfish harvesting
for 25 days (Proenga and Fernandes, 2004). A strain of
H. akashiwo isolated from the same bloom was toxic to
juveniles of the mysidacean Mysidopsis juniae da Silva,
and inhibited the larval development of the mussel Perna
perna Linnaeus (Mafra, 2005). In Santa Catarina state,
other blooms of H. akashiwo occurred in the Balneario
de Camboriu in August 2002, with 19 x 10° cells.L"! and

chlorophyll a values of 67 pg L'; and an extensive bloom
in Tijucas Bay in August 2007; in both events, no fish
mortality was reported (Proenga et al., 2011).

Recently, recurrent blooms of H. akashiwo have been
observed in a confined zone of Rodrigo de Freitas Lagoon,
a shallow coastal system located in the state of Rio de
Janeiro in southeastern Brazil (Branco et al., 2010). In
the present study, we characterised the morphology and
ultrastructure of H. akashiwo cells observed during these
blooms. The influence of some abiotic parameters, as well
as the production of brevetoxins and their analogues were
also investigated.

2. Material and Methods
2.1. Study area

The Rodrigo de Freitas Lagoon is a semi-confined
eutrophic coastal lagoon, with recurring blooms, and fish
kills that are usually associated with dissolved-oxygen
depletion. This lagoon is located in the southern part of
the city of Rio de Janeiro (22°57°02”’S, 043°11°09”°W;
Figure 1). It has a surface area of 2.5 km?, volume of
6.5 million mm? and a mean depth of about 4 m. Rodrigo
de Freitas Lagoon receives part of the local domestic and
wastewater discharge coming from its drainage basin.
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Figure 1. Location of Rodrigo de Freitas Lagoon and Piraqué Channel showing the sampling sites.
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The lagoon is connected to the sea by the Jardim de Alah
Channel, and receives freshwater discharge from the
Macacos and Cabeca rivers through the Piraqué Channel,
situated on the northeastern side of the lagoon. The Piraqué
Channel is shallower (maximum depth < 2 m) than the
rest of lagoon, with low turbulence. Water residence time
in this channel varies from hours to weeks due to the
opening/closing of the artificial connection with the two
rivers. Although this connection is irregular, it was open
during most of this study.

2.2. Monitoring and sampling

Samples were collected monthly from March 2007
to March 2008 at one station (S1) located in the middle
section of the Piraqué Channel (Figure 1A), and four
stations (S2, S3, S4 and S5) in the main part of the lagoon
(Figure 1B). Samples were obtained by passing a flask
along the subsurface water, and were immediately fixed
with 1% neutral Lugol solution. Subsamples were kept
alive under refrigeration (4 °C). Water temperature and
salinity (YSI-30 thermosalinometer), dissolved oxygen
(YSI-54 oxymeter), and water transparency (Secchi
disk) were measured weekly at 0.5 m intervals along the
water column in the Piraqué Channel (Z_ = 1.5 m) and
in the lagoon (Z = 4 m). The euphotic zone (Z,) was
calculated as three times the Secchi disk extinction depth
(Cole, 1994). Data for precipitation and air temperature
were obtained from a meteorological station located at
the Jardim Botanico (http://www2.rio.rj.gov.br/georio/
site/alerta/alerta.htm).

2.3. Morphology and taxonomic analysis

Morphological analyses of live and fixed samples were
carried out with the use of an Olympus BH2 phase-contrast
microscope equipped with Image Pro Plus capture software,
version 4.5.0.19® (Media Cybernetics, Inc., Silver Spring,
MD, USA). For transmission electron microscopy (TEM),
cells were concentrated by centrifugation and fixed for
2 h in 2.5% glutaraldehyde buffered with 0.1 M sodium
cacodylate (pH 7.4). Then, the cells were rinsed three
times with 0.1 M sodium cacodylate buffer (pH 7.4) and
post-fixed overnight in 1% osmium tetroxide buffered
with 0.05 M sodium cacodylate (pH 7.4), dehydrated in
ethanol, and embedded in Epon 812 (Pelco). Sections were
placed on carbon-coated copper grids and double-stained
for 40 min with 2% uranyl acetate and for 1 min with 1%
lead citrate. The material was analysed and photographed
in a ZEISS EM 900 at 80kV. Taxonomic identification
was based on morphological characteristics such as cell
shape and size; number, colour, and shape of chloroplasts;
presence of mucocysts; and ultrastructure of chloroplasts
and pyrenoids, according to Hara and Chihara (1987).

2.4. Temporal distribution and toxicity analysis of
H. akashiwo

Abundances of H. akashiwo (cells.L™") were estimated
from the Lugol samples by the settling technique, using an
inverted microscope (Uterméhl, 1958) at 400x magnification.
The biovolume (mm?* L") was calculated according to
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Edler (1979) and Hillebrand et al. (1999). Correlations
between abiotic variables and H. akashiwo abundances
were evaluated by Spearman’s correlation analyses using
Statistica 7.0 (StatSoft), considering data obtained in the
surface of the Piraqué Channel and the main body of the
Rodrigo de Freitas Lagoon (N = 65). Prior to the analyses,
all data sets were transformed logarithmically [In (x+1)].
The presence of brevetoxins and their derivatives
was investigated in a sample taken during the bloom
of H. akashiwo observed on 19 March 2007. A total of
1.5 L of water was gently filtered under vacuum onto a
glass-fiber filter. The material retained on the filter was
extracted in 100% methanol, concentrated in N, flow,
and then analysed by LC-MS on an Agilent 1200 liquid
chromatograph system connected to a triple quadrupole
mass spectrometer-ion-trap model 3200 Q-Trap (Applied
Biosystems), equipped with a Turbo Spray ESI source.
The system was calibrated with standard brevetoxins
from NRC Canada. The compounds were separated by
a rapid column chromatography reversed-phase Zorbax
Eclipse XDB-C18, 4.6 x 50 mm (1.8 pM) at 35 °C. For the
chromatography, two mobile phases (A and B) were used,
with a flow of 750 pL min' for 10 min. Phase A consisted
of 90% water and 10% acetonitrile, while phase B was
10% water and 90% acetonitrile, both with a concentration
of 5 mM ammonium formate and 53 mM formic acid.

3. Results

3.1. Morphology and taxonomic analysis of
H. akashiwo

Cells of H. akashiwo were solitary, although masses
of immobile spherical cells surrounded by mucilage were
observed on 19 March 2007 (Figure 2A-B). Cell shape
varied from ovoid to elliptical, measuring 10.75-17.57 um
(maximum = 20.13 pm, n = 40) in length and 6.21-11.89 um
(maximum = 12.21 pm, n = 40) in width, with two unequal
flagella inserted in anterior subapical depression. Chloroplasts
were typically yellowish-brown, although greenish-yellow
colouration was sometimes observed. The cells contained
8-18 discoid chloroplasts situated at the cell periphery and
with thylacoids parallel to the cell surface (Figure 3A).
Each chloroplast showed a bulging pyrenoid located in
the inner end, with the pyrenoid matrix penetrated by
thylakoids (Figure 3B). Many small spherical mucocysts
(Figure 3B) were distributed along the periphery of the
cell. The nucleus was situated in the middle part of the
cell, sometimes in the upper portion (Figure 3C).

3.2. Temporal distribution and toxicity investigation of
H. akashiwo

Two seasons (dry and rainy) occurred during the study
period (Figure 4). The dry season (March through October
2007) was characterised by monthly precipitation between 0
and 84 mm, with higher precipitation (186-269 mm) during
the rainy season (November 2007 through March 2008).
Although the water temperature was similar in the Piraqué
Channel and the main body of the lagoon (Figure 5A, B),
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Figure 2. Light micrographs of living cells of Heterosigma akashiwo. (A) Solitary cells in ventral (left) and lateral (right)
view. (B) Cell masses. Scale: 5 pm

Figure 3. Transmission electron microscopy of Heterosigma akashiwo. (A) Longitudinal section of the whole cell. (B)
Longitudinal section of the anterior part of a cell. (C) Cross section of a cell. Note the nucleus with a distinct nucleolus.
C = Chloroplast. P = Pyrenoid. M = Mitochondrium. N = Nucleus. n= nucleolus.
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Figure 4. Seasonal fluctuations of mean air temperature (°C) and total rainfall (mm) from March 2007 through March 2008.
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Figure 5. Temporal and vertical distribution of (A-B) temperature (°C) and (C-D) salinity (psu) recorded in the Piraqué
Channel (left) and the main body of Rodrigo de Freitas lagoon (right) from March 2007 through March 2008. Values from
the four sampling stations located in the main body of the lagoon were averaged.
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Figure 6. Heterosigma akashiwo abundances (cells.L™") in the Piraqué Channel from March 2007 through March 2008.
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Table 1. Mean, minimum and maximum values of some abiotic variables in surface water of the Piraqué Channel and main
body of the Rodrigo de Freitas Lagoon from March 2007 through March 2008. Values from the four sampling stations in the

lagoon were averaged.

Channel Lagoon
Mean Min-Max Mean Min-Max
Temperature (°C) 26.5 20.4-22.5 27.8 21.4-31.5
Dissolved oxygen (mg L) 4.8 0-11.5 8.4 4.9-13.9
Salinity (psu) 7 0-16.8 12.5 7.2-17.2
Maximum euphotic zone (m) depth 1.2-depth 1.8 1.5-2.7
Depth (m) 1 0.8-1.5 3.9 3-4

Table 2. Abundances and biovolumes of H. akashiwo during blooms observed in Piraqué Channel from March 2007 through
March 2008. Values of water temperature, dissolved oxygen (DO), salinity, Secchi disk depth, and depth of the euphotic zone

(Zeu/Zmax) are also shown. n.d. = not determined.

Date Abundance Biovolume Temperature DO Salinity Secchi disk Depth max.
(cells.L") (mm?® L) (°C) (mg L) (psu) (m) (m)
19/03/07 4.0 x 108 115.292 28.4 35 7.5 0.6 n.d.
24/04/07 1.6 x 10° 0.462 29.5 1.6 8.4 0.4 1
09/07/07 2.8 x 10* 0.008 24.5 5.0 14.4 n.d. n.d.
14/01/08 5.7 x 10* 0.016 29.0 5.5 1.6 0.7 0.8
18/02/08 3.7 x 10° 1.073 30.7 2.7 52 0.7 0.8
17/03/08 1.0 x 107 2.859 27.7 7.3 7.0 0.5 0.8

different patterns were observed in these compartments
regarding salinity and DO (Figure 5C, F). Compared to
the main body of the lagoon, the Piraqué Channel had low
DO (4-6 mg L") and salinity (2-11 psu) at the surface, the
latter resulting in the formation of a permanent halocline.

Six blooms of H. akashiwo were detected during the
study period (Figure 6). These blooms were observed only in
the Piraqué Channel, within a salinity range of 1.6-14.4 psu
and water temperature of 24.4-30.9 °C. Heterosigma
akashiwo was not found in other sampling stations in the
lagoon. The highest H. akashiwo abundance in Piraqué
Channel (4 x 10® cells. L") was observed on 19 March
2007, with salinity and temperature of 7.5 and 28.4 °C,
respectively. Heterosigma akashiwo was the dominant
species in the phytoplankton community only in March
2007; in other months, the cyanobacteria Pseudanabaena
catenata, P. galeata and Synechocystis salina were dominant
(Branco et al., 2010. Data for environmental variables of the
lagoon and the channel, and for density and biovolume of
H. akashiwo cells during the six bloom events are shown in
Tables 1 and 2, respectively. Spearman’s rank correlation
analyses indicated that H. akashiwo was negatively
correlated with water depth (R = - 0.48; p <0.001) and
salinity (R =-0.30; p=0.011).

Brevetoxins and derivatives were not detected in the
extract obtained during the bloom on 19 March 2007.

4. Discussion

Identification of H. akashiwo based on morphological
characters is not always easy, considering their small,
pleomorphic cells. Furthermore, H. akashiwo can be
confused with Olisthodiscus luteus N. Carter; these species
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are separated by cell morphology and ultrastructure. While
O. luteus has fewer chloroplasts (5-13), which are absent
from the ventral region of the cell, and lack mucocysts
and thylakoid lamellae in the matrix of the pyrenoid
(Hara and Chihara, 1987; Hallegraeff and Hara, 1995),
H. akashiwo shows mucocysts and has more chloroplasts
(10 - 30) distributed on the periphery of the cell, with
thylakoid lamellae penetrating the matrix of the pyrenoid
(Hara et al., 1985; Hara and Chihara, 1987). Recent studies
of molecular biology suggest that Heterosigma includes only
the species H. akashiwo, distinct from Olisthodiscus and
other raphidophyte genera (Connell, 2000; Bowers et al.,
2006; Yamaguchi et al., 2010). Heterosigma is also very
close to the genus Chlorinimonas Yamaguchi, Nakayama,
Murakami & Inouye; however, the absence of thylakoid
invagination into the pyrenoid matrix distinguishes the
latter genus from Heterosigma (Yamaguchi et al., 2010).

Cells of H. akashiwo occurring in the Rodrigo de Freitas
Lagoon were similar to the descriptions and illustrations
of'this species by Hara et al. (1985) and Hara and Chihara
(1987). Many of the cells from the population collected
on 19 March 2007 showed numbers and distribution of
chloroplasts (data not shown) similar to those found in
O. luteus, sometimes with colour (greenish-yellow) and
number of chloroplasts (data not shown) resembling cells of
Chlorinimonas, which may contribute to misidentification
of species. However, the chloroplasts showed the same
ultrastructural features described for H. akashiwo by Hara
and Chihara (1987).

Blooms of H. akashiwo are usually recorded at salinities
between 20 and 35, reaching an optimum at approximately
20-25 psu (Honjo, 1993; Kempton et al., 2008; Martinez et al.,
2010). However, formation of H. akashiwo blooms has
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been also associated with freshwater runoff, usually
followed by a reduction in salinity to values < 15 psu
(Taylor and Haigh, 1993), and the stratification of the water
column (Yamochi, 1989). During this study, blooms of
H. akashiwo occurred within a salinity range of 1.6-14.4 psu,
in agreement with the tolerance of this species to low
salinities previously reported in the literature (Zhang et al.
2006, Fredrickson et al. 2011, Strom et al., 2013). In the
studied period, the freshwater runoff from the rivers likely
contributed to the decrease of salinity in the surface water
of the Piraqué Chanel, resulting in a permanent halocline.
This would explain the absence of H. akashiwo blooms
in the main body of the lagoon, where the salinity was
usually higher and homogeneously distributed through the
water column. Previous studies based on field and cultured
material have revealed that different populations or strains
of Heterosigma species show different optimum salinity
levels, and their growth responses to a variety of ecological
factors are also different (Honjo, 1993; Smayda, 1998;
Han et al., 2002; Fredrickson et al., 2011). Moreover, the
broad salinity tolerance of H. akashiwo appears to provide
a refuge through a number of mechanisms that act to
reduce predation and promote net growth of H. akashiwo
populations, e.g. ability of this species to accumulate and
grow in low-salinity layers inhospitable to the predator
(Strom et al., 2013).

Heterosigma akashiwo has an alternating pelagic-
benthic life history (Tomas 1978; Smayda, 1998). Benthic
stages (resting cells and cysts) allow the species to survive
under unfavourable environmental conditions, especially
low water temperatures and dark conditions (Han et al.,
2002; Shikata et al., 2007). Resting cells differ from
cysts because they do not require a maturation period
for germination. Moreover, resting cells are surrounded
by an external sticky polysaccharide calyx, and although
they are immobile, retain the flagellum (Han et al., 2002);
sometimes these cells consist of agglutinated masses of
brown, non-motile cells (Tomas, 1978; Smayda, 1998). Cysts
are generally spherical, without a flagellum, surrounded
by mucilaginous materials, and have a mandatory period
of dormancy (Itakura et al., 1996). Cells of H. akashiwo
forming masses of immobile cells surrounded by mucilage,
detected during this study, were similar to resting cells
described by Tomas (1978), based on cultured material.
According to this author, resting cells were viable in the
dark for 15 weeks at temperatures between 5 and 10 °C,
but they died at temperatures higher than 15 °C. Han et al.
(2002) demonstrated that induction of the resting-cell
stage in batch cultures of H. akashiwo is more effective
in conditions of light deprivation and low temperatures
(below 10°C). Field studies have also indicated that
temperature is a critical determinant for the induction of
resting cells in H. akashiwo (Taylor and Haigh, 1993; Imai
and Itakura, 1991, 1999). Resting stages of H. akashiwo
can germinate at low temperatures and under low light
intensity; however the species requires both high temperature
and strong light for survival and immediate growth of the
germinated cells (Shikata et al., 2008). During the period
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when resting cells were found in the Piraqué Channel,
the water temperature was 28.4 °C from the surface to
bottom, and the data for the Secchi disk and euphotic
zone indicated availability of light at the bottom of the
channel. Since resting cells of H. akashiwo were not found
in sediment samples (Branco, 2009), we could infer that
resting cells were resuspended in the water column from
the bottom, allowing immediate germination and rapid
growth of vegetative cells (Shikata et al., 2008).

Brevetoxins and their derivatives were not detected
during this study. Nor were fish kills associated with
blooms of H. akashiwo. The lack of fish kills contrasts with
reports from southern Brazil, where H. akashiwo blooms
were associated with mass mortality of fish (Proenga and
Fernandes, 2004). The absence of toxicity to fish observed
during this study, may be related to the high temperatures
observed during the blooms of H. akashiwo (27.7 to 30.9°C),
which could have inhibited or minimised the toxicity of
this species (Ono et al., 2000). However, low salinity, as
recorded during the bloom events in Piraqué Channel, also
apparently greatly enhances toxin production in this species
(Haque and Onoue, 2002). On the other hand, recent studies
have not detected brevetoxin in H. akashiwo, confirming
the existence of variability in different circumstances
(Lewittus and Holland, 2003; Zhang et al., 2004). Various
environmental factors including temperature, salinity, and
nutrient availability, have been associated with variable
H. akashiwo toxicity (Fredrickson et al., 2011). High levels
of genetic and phenotypic variability have been recorded
within regional populations of H. akashiwo, suggesting
the existence of distinct ecotypes, which may be related
to different factors such as the geographic origin of the
population and the timing of the bloom (Fredrickson et al.,
2011).

However, brevetoxin is not the only factor related to
the toxicity of H. akashiwo. Other mechanisms such as
mechanical anoxia, hemolytic compounds, and reactive
oxygen substances are also associated with the harmful
effects of H. akashiwo (Kuroda et al., 2005; Marshall et al.,
2005; Ling and Trick, 2010). Moreover, although the
blooms may not act directly on the fish, they can be harmful
to many organisms including copepods, ciliates, larvae
and adults of oysters, shrimps, and scallops (Clough and
Strom, 2005; Wang et al., 2006; Yu et al., 2010), affecting
different trophic levels.

In short, our results indicated that the low depth of the
water column and the low salinity could have been the main
factors driven H. akashiwo blooms observed in the Piraqué
Channel during this study. The depth could explain better
blooms of H. akashimo on Channel Piraqué for allowing
light input throughout the water column. Thus, most likely
the light is the factor controlling bloom formation and
not the depth. These findings also showed the need for
more accurate studies on the dynamics of H. akashiwo
populations occurring in this compartment of the Rodrigo
de Freitas Lagoon due to their potential harm to fish stocks
and consequent economic and environmental impacts.
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