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Abstract 

 

Harmful Algal Blooms (HABs) are common natural phenomena along the 

Chilean coast. In southern fjords, the dinoflagellate Alexandrium catenella is the 

most studied species because of its production of saxitoxin and analogues 

responsible for Paralytic Shellfish Poisoning (PSP). Despite its deleterious 

effects on the local shellfish and finfish aquaculture industry, little is known 

about the dinoflagellate’s ecology in this complex fjord ecosystem. In the present 

study in vitro experiments were conducted to determine: i) the role of A. 

catenella resting cysts in bloom dynamics; ii) physiological response of 

vegetative cells to pCO2/pH variations; and iii) the cytolytic potency of its 

exudate compounds against fish gill cells.  

Cyst experiments newly revealed a short cyst dormancy period (minimum 69 

days) and highly variable reproductive compatibility determined by the 

geographical origin of isolates and their population genetic distances. 

Excystment processes were strongly driven by environmental factors, such as 

salinity and irradiance, which therefore provide important clues to understand 

regional bloom events. These results suggest a more important role for resting 

cysts in bloom dynamics in the Chilean fjords than previously thought. Exposure 

of A. catenella to variations in pCO2/pH resulted in optimum growth and 

dissolved inorganic carbon (DIC) uptake at near equilibrium pH (8.0). Reduced 

cell size and enhanced chain formation occurred at high pH/low pCO2. These 

results point to morphological and physiological adaptations by A. catenella 

against wide natural pCO2/pH fluctuations, and suggests a negligible impact of 

future ocean acidification scenarios on Alexandrium bloom dynamics in southern 

fjords.  

Our results on the potency of cytolytic toxins produced by A. catenella assessed 

on a rainbow trout gill cell line assay showed that pure PST fractions (C1&C2, 

STX, GTX 1&4) had insignificant lytic activity compared to the synergistic 

interaction between reactive oxygen species (ROS) and polyunsaturated fatty 

acids (PUFA). The novel application of non-invasive microelectrode ion flux 
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measurement (MIFE) techniques on fish gill cells revealed that A. catenella 

metabolites from lysed cultures affected gill cell K+ channels by generating a 

strong efflux from the cell membrane, but again this was not caused by PST 

fractions. Cellular potassium efflux is known to generate cell shrinkage and cell 

death, and might be a key factor to explain fish gill damage from A. catenella. 

This study newly elucidated key aspects of the ecophysiology and the fish-killing 

mechanisms of A. catenella in the Chilean fjords. These results have important 

implications for the way the salmon industry should manage and mitigate future 

algal bloom events. 



 

 

19 

Resumen 

 

Las Floraciones Algales Nocivas (FANs) son fenómenos naturales que aparecen 

frecuentemente en las costas Chilenas. En la zona de fiordos, el dinoflagelado 

Alexandrium catenella es la especie microalgal más estudiada debido a su 

producción de Veneno Paralizante de los Moluscos (VPM), pero a pesar de los 

efectos adversos que esta especie genera en la industria mitilicultora y salmonera, 

poco es conocido acerca de su ecología en el complejo sistema de fiordos. En el 

presente estudio, se realizaron experimentos in vitro para determinar: i) el rol de 

los quistes de resistencia en la dinámica de las floraciones; ii) la respuesta 

fisiológica de las células vegetativas a variaciones en pCO2/pH; y iii) las 

propiedades citotóxicas de los exudados celulares de A. catenella en células 

branquiales de peces.    

Los experimentos realizados con quistes de resistencia de A. catenella revelaron 

un breve periodo de dormancia (mínimo 69 días) y una alta variabilidad en la 

compatibilidad reproductiva de la especie, principalmente determinada por el 

origen geográfico de las cepas y la distancia genética poblacional. Además, la 

germinación de los quistes fue fuertemente influenciada por factores ambientales, 

tales como salinidad y luz, lo cuál entrega importantes avances para entender 

floraciones de esta especie a meso-escala. En conclusión, estos resultados 

sugieren que los quistes de resistencia de A. catenella juegan un rol más 

importante de lo que antes se había pensado en la dinámica de las floraciones de 

esta especie en la zona de fiordos patagónicos. Por otra parte, la exposición de 

células vegetativas de A. catenella a variaciones en pCO2/pH mostraron: i) un 

óptimo crecimiento de la especie y un eficiente consumo de carbono inorgánico 

disuelto (CID) a niveles de pH cercanos al equilibrio océano-atmósfera (8.0); y 

ii) una reducción del tamaño celular y una estimulación en la formación de 

cadenas a altos niveles de pH y/o baja presión parcial de CO2. Estos resultados 

muestran adaptaciones morfológicas y fisiológicas por parte de A. catenella 

frente a fluctuaciones naturales en pCO2/pH, y sugieren un insignificante 
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impacto de una futura acidificación del océano en la dinámica de las floraciones 

de este dinoflagelado en la zona de los fiordos chilenos.  

Experimentos utilizando líneas celulares de branquias de trucha (RTgill-W1) 

para determinar las propiedades citotóxicas de A. catenella, mostraron que 

fracciones purificadas de toxinas paralizantes (C1&C2, STX y GTX 1&4) tienen 

una muy baja actividad citotóxica contra las células branquiales comparadas con 

la interacción sinérgica entre las especies reactivas de oxígeno (EROs) y ácidos 

grasos poli-insaturados (AGPIs) que son sintetizados por células vegetativas de 

A. catenella. Por otra parte, la novedosa determinación de los flujos de iones 

desde células branquiales expuestas a sustancias microalgales tóxicas mediante la 

aplicación de la técnica MIFE (del inglés - non-invasive microelectrode ion flux 

estimations) mostró que metabolitos de A. catenella obtenidos desde cultivos in 

vitro, estimulan los canales de potasio (K+) produciendo una fuerte salida de 

iones K+ desde la membrana plasmática de las células branquiales, pero 

nuevamente este efecto no fue responsabilidad de las toxinas paralizantes. La 

salida de iones K+ desde células estresadas es conocido por producir 

encogimiento y muerte celular, lo cual puede ser un factor clave para explicar el 

daño branquial en salmones en cautiverio durante una floración de A. catenella 

en el sur de Chile.  

Este estudio reveló novedosos aspectos de la ecofisiología de A. catenella y de 

los mecanismos por los cuales esta especie genera masivas mortalidades de peces 

en el sur de Chile. Estos resultados tienen importantes implicaciones en la 

industria acuícola del país, y entregan importante información para la búsqueda 

de estrategias de mitigación en futuras floraciones de esta especie en el complejo 

sistema de fiordos Patagónicos.       
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Figure 2.2. (A) Historical distribution and abundance of A. catenella resting 
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Figure 2.4. Effect of salinity, temperature (°C), culture media and irradiance 
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germination in nitrate-deficient L1 media (L1-N), irradiance of 50 µmoles 

photons PAR m-2 s-1, temperature of 14°C and salinity of 30; (B) new-formed 
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A, B, C, D and E. Scoring criteria for cyst production are labelled: 0 = 

unsuccessful crosses; 1 to 4 correspond to <20, 21-100, 101-200 and >200 cysts 
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intensities. (A) Total cell volume (µm3), (B) CO2 uptake (µmol kg-1) and (C) 

HCO3
- uptake (µmol kg-1). Symbols represent the mean and error bars the 

standard deviation from triplicate measurements. 

Figure 3.2. Distance-based redundancy analysis. Overlayed are vectors 

representing the correlation of predictor variables and dots representing the 

response variables growth rate and DIC uptake by A. catenella cultures at 50 

(black) and 100 (grey) µmol photons m-2 s-1. 

Figure 3.3. Schematic representation of functional adaptations of A. catenella in 

response to variations in pCO2/pH in cultures. 

Figure 3.4. Schematic representation of a complex fjord system with (1) high 

pCO2/pH fluctuations in inshore zones mainly due to the enormous acidic fresh 

water discharge from glacier melts (Iriarte et al., 2016), (2) more stable offshore 

conditions where anthropogenic ocean acidification is a dominant environmental 

driver and (3) acidification by eutrophication due to intensive aquaculture 

performed in the Chilean fjords (Buschmann et al., 2006). Conceptual 

representations of major findings in this study and major gaps in the 

understanding of the effect of acidification on the pelagic-benthic bloom 

dynamics of A. catenella are indicated. (POP: Particulate Organic Phosphorus; 

PON: Particulate Organic Nitrogen). 

Figure 4.1. Concentration dependent toxicity of whole dinoflagellate cells, 

supernatants and lysed cells of five Chilean strains of Alexandrium catenella to 

the cell line RTgill-W1. Symbols represent the mean and error bars the standard 

deviation of cell viability from quadruplicate measurements. 



 

 

24 

Figure 4.2. Effect of varying concentrations of the paralytic shellfish toxins, 

C1&2-b, saxitoxin (STX) and gonyautoxins (GTX1&4-c), on gill cell viability, 

under both light (left panel) and dark conditions (right panel) at three periods of 

exposure. Gray area represents the mean of toxin equivalence in cells per 

milliliter detected in natural Alexandrium catenella blooms in Southern fjords 

(1–5000 cells mL-1) calculated based on data from Aguilera-Belmonte et al. 

(2011). 

Figure 4.3. Gill cell toxicity by three strains of Alexandrium catenella 

supernatant and lysed cell suspension stored for 1, 4, 8 and 15 days at light and 

dark conditions. (A and B) strain CERES 8, (C and D) strain ACC07, and (E and 

F) strain K7. 

Figure 4.4. Production of superoxide anion in whole and lysed cells by six 

strains of Alexandrium catenella under similar environmental conditions. The 

bars represent the standard deviation of quadruplicate wells containing the algae. 

Figure 4.5. Exposure of gill cells to: (A) commercial DHA in free fatty acid 

form and DHA + XO (artificial superoxide production based in two standard 

solutions of xanthine oxidase XO at 0.6 and 1.0 U L-1) and (B) commercial DHA 

FAME and DHA FAME + XO (xanthine oxidase at 0.6 U L-1) at five different 

concentrations. Gray area represents the mean of DHA equivalence in cells per 

milliliter detected in natural Alexandrium catenella blooms in Southern fjords 

(100–4000 cells mL-1) calculated from fatty acid profiles of two A. catenella 

strains (Table 4.4). Solid gray line indicates LC50 values. Symbols represent the 

mean and error bars the standard deviation of cell viability from quadruplicate 

measurements. 

Figure 5.1. Non-invasive ion flux measurement MIFE system. A) Ion selective 

microelectrode fabrication, B) Assembled MIFE system, C) Top view detailing 

reference and ion-selective microelectrodes position in the measuring chamber, 

D) Front view showing microelectrode movement in a square-wave manner 

between two positions near a dense gill cells (P1) monolayer and further away 

(P2), E) MIFE principles; if an ion is taken up by a gill cell, its concentration in 

the proximity of the cell surface is lower than that further away; vice versa: if the 
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ion is extruded across the plasma membrane, its concentration in the proximity is 

higher than further away. Electrochemical gradient dV is measured between these 

two positions (P1 at ~15-20µm and P2 at ~70-100µm) and is converted into 

concentration of ion using a calibration curve.   

Figure 5.2. Gill cell viability in response to four different BSM preparations. A) 

BSM 4 prepared at four different pH and tested on gill cells at 1, 3 and 6 h 

exposure and B) BSM preparations 1, 2 and 3 tested on gill cells at 1, 3, 6 and 12 

h exposure. Symbols represent the mean and error bars the standard deviation of 

cell viability from quadruplicate measurements. 

Figure 5.3. Net K+, Ca2+ and H+ flux stabilization in gill cells after replacement 

of L15 media with BSM4 preparation at pH 5.95 and 6.51. Symbols represent the 

mean and error bars of the standard error of net ion fluxes from triplicate 

measurements. For all MIFE measurements, the sign convention is “influx 

positive and efflux negative”. 

Figure 5.4. Kinetics of net K+, Ca2+ and H+ flux responses from gill cells to 

addition of two A. catenella cell-lysed cultures. Time between 0 and 10min 

shows initial pre-treatment fluxes. Cultures of dinoflagellates were added at 10 

min. Symbols represent the mean and error bars show the standard error of net 

ion fluxes (n=4). 

Figure 5.5. Effect of the toxin preservatives HCl (0.09 mM) and a mix of HCl 

(0.075 mM) plus CH3COOH (0.025 mM) on net K+, Ca2+ and H+ fluxes from the 

RTgill-W1 gill cells. CT: 10min of control exposure; AT: 10 min measurement 

immediately after exposure to acids; and SS: steady-state phase measured in the 

last 10min of exposure. Mean + SE (n=3). 

Figure 5.6. Transient K+ (A-B), Ca2+ (C-D) and H+ (E-F) fluxes measured from 

gill cells in response to the paralytic shellfish toxins STX and GTX 1&4 at 0.1 

and 1mM. Control conditions were recorded at 0 to 10 min at which point 

respective toxins were added to the cells with ion flux kinetics of response being 

recorded during a further 50min (10 to 60 min in graphs). Mean + SE (n=4). 
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1.1. Introduction 
 

1.1.1. Alexandrium catenella in Chilean waters and its impact on 

human health and aquaculture activities 

 

Toxic dinoflagellates belonging to the genus Alexandrium are known to cause 

serious episodes of Paralytic Shellfish Poisoning (PSP) and have been widely 

reported for over a century from South American coasts (Hallegraeff, 1993; 

Balech, 1995; Lagos 2003). This dinoflagellate is certainly one of the most 

important in terms of distribution, diversity, and severity of bloom impacts. More 

than 30 morphologically species have been defined in this genus, and at least half 

of them are known to be toxic or have otherwise harmful effects (Anderson et al., 

2012). Alexandrium has a particular toxigenic diversity that is not found in any 

other HAB genus, considering three different families of known toxins that are 

produced among species – saxitoxins, spirolides, and goniodomins (Anderson et 

al., 2012).   

In the Chilean fjords, Alexandrium catenella has caused severe public health 

impacts because its potent toxins can be transmitted to human consumers through 

shellfish, producing neurological syndromes that in extreme cases can lead to 

death (Hallegraeff, 2003). Massive outbreaks of A. catenella are also known to 

produce large-scale effects on the local economy because of frequent closures of 

shellfish (Mytilus chilensis) harvesting due to (Paralytic Shellfish Toxin) PST 

contamination and because of the dinoflagellate’s strong ichthyotoxic potency 

that affect salmon (Salmo salar) farming activities and can result in massive fish-

kill events.   

Phytoplankton monitoring programs have generated a continuous record of 

Harmful Algal Blooms (HABs) in Chile since the beginning of the salmon 

farming activities in 1985. These programs have allowed understanding of the 

distribution, intensity and duration of the most important events associated with 
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losses for the aquaculture industry. Historical data shows that blooms of A. 

catenella in Chile have increased in frequency, duration, extent and intensity in 

recent decades (Guzmán et al., 2002; Clément et al., 2009). The causative 

dinoflagellate was reported for the first time in 1972 in the Magallanes Region 

(Guzmán and Campodónico, 1975). Subsequently, it was detected in Aysén and 

Los Lagos Regions in 1992 and 2002, respectively (Lembeye et al., 1994; Lagos, 

1998; Lembeye et al., 1998; Compagnon et al., 1998; Clément et al., 2002), and a 

one of the most important events in terms of cell abundance and geographical 

coverage occurred between February and March 2009 (Mardones et al., 2010). 

This outbreak was of particular interest for the scientific community because of 

several outstanding events. The bloom (1) reached abundances as high as ~6000 

cells mL-1; (2) expanded A. catenella distribution northward as far as 42°South 

Latitude; (3) caused more than USD10 million  loss to the Aysén Region’s 

salmon industry; and (4) impacted on public health with 20 human poisonings 

and 2 fatalities (L. Guzmán; IFOP, personal communication). 
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Figure 1.1. Temporal and spatial distribution of documented Alexandrium 

catenella outbreaks in the Chilean fjords. 1972 (Guzmán et al., 1975; Guzmán 

and Campodonico, 1975, 1978), 1981 (Lembeye, 1981), 1989 (Uribe, 1989), 

1991 (Uribe and Santana, 1999), 1994 (Medina, 1997), 2002 (Clément et al., 

2002) and 2009 (Mardones et al., 2010).  
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1.1 Floraciones Algales Nocivas (FANs) en !ordos del sur de Chile

Los  primeros registros de !oraciones algales nocivas en 
Chile datan desde 1827, cuando el naturalista alemán 
Poepping detectó una intensa descoloración del agua en la 
costa de Valdivia; además de otros dos fenómenos que el 
naturalista británico Charles Darwin observó en las costas 
de Concepción y Valparaíso en 1835 (Avaria et al., 1999). 
Posteriormente, se han suscitado centenares de eventos 
a lo largo de la costa chilena, concentrando su estudio y 
monitoreo en aquellas !oraciones que generan impactos 
negativos en los cultivos de salmónidos y moluscos en la 
zona sur del país. 

Estos fenómenos han sido popularizados con la expresión 
“Marea Roja” por la coloración producida en el agua de 
mar, sin embargo existen eventos tóxicos y/o nocivos que 
no están asociados a una !oración visible o descolora-
ciones del mar, pero que causan un efecto negativo en el 

ecosistema. Por esta razón se ha acuñado la expresión Flo-
ración Algal Nociva o FAN. Estas FANs suelen estar res-
tringidas a bahías o cuerpos de aguas semicerrados, como 
estuarios, canales, "ordos, aunque también se pueden de-
sarrollar en el océano abierto. Altas concentraciones celu-
lares pueden cubrir desde pocos metros a centenares de 
kilómetros cuadrados en extensión formando “parches” o 
“manchas” (Fig. 1).

Varias publicaciones indican que la detección y propaga-
ción de las FANs ha aumentado en los últimos 40 años en 
diversos lugares del planeta (Hallegrae#, 1993; Guzmán 
et al., 2002; Anderson et al., 2008). Esta aparente propa-
gación podría deberse simplemente a un aumento en los 
programas de monitoreo de "toplancton en diversos paí-
ses  del mundo, debido a las imposiciones de los mercados 
importadores de productos marinos, lo cuál ha generado 

que se amplíe el área de monitoreo con un consecuente incre-
mento en frecuencia de detección de las FANs. Sin embargo, 
hay varias hipótesis que indican que este aumento se debe a la 
presión antropogénica en los bordes costeros, producto de la 
descarga de nutrientes que eutro"can zonas litorales, generan-
do condiciones idóneas para el desarrollo de estos fenómenos. 

En Europa por ejemplo, la presión sobre el borde costero de-
bido al turismo, la agricultura y acuicultura, ha provocado 
un aumento en la ocurrencia de fenómenos FANs (Garcés & 
Camp, 2012). En Chile se ha observado un paulatino “avan-
ce” en el eje norte sur del dino!agelado tóxico Alexandrium 
catenella (Fig. 2). Este desplazamiento podría fácilmente ser 
asociado con el explosivo crecimiento de la salmonicultura a 
"nales de los 80. Sin embargo, Arzul et al., 2001 en experi-
mentos de laboratorio determinó que el crecimiento vegetati-
vo In vitro de una cepa del dino!agelado tóxico Alexandrium 
catenella, es inhibido por Componentes Orgánicos Disueltos 
(CODs) excretados por salmónidos, y por el contrario, se ob-
serva estimulado por CODs excretados por mitílidos.

De esta manera, la dispersión de células de A. catenella puede 
deberse a fenómenos ecológicos u oceanográ"cos naturales, 
o por  acción directa del ser humano. Entre estas últimas, se 
puede mencionar que las principales causas de propagación de 
organismos acuáticos exóticos, se debe al transporte de inócu-
los en aguas de lastre en barcos de cabotaje (Hallegrae#, 1998), 
al aposamiento ilegal de moluscos "ltradores y al transporte 
de peces de cultivo desde zonas contaminadas a zonas libres 
de especies tóxicas. De esta manera, debido a estas actividades 
costeras en Chile, se ha declarado a la zona al sur del paralelo 
42º Sur, como zona de plaga por la presencia de A. catenella.

Figura 2. Distribución espacial de las principales !oraciones de 
Alexandrium catenella documentadas en la zona de "ordos. 1972 (Guzmán et 
al., 1975; Guzmán & Campodonico, 1975, 1978), 1981 (Lembeye, 1981a y b), 
1989 (Uribe, 1988), 1991 (Uribe & Santana, 1999), 1992 (Muñoz et al., 1992; 
Medina, 1997), 2002 (Clément et al., 2002), 2009 (Mardones et al., 2010).

Figura 1. Fotografías aéreas de Floraciones Algales en el sur de Chile. Lepidodinium cf. clorophorum en Isla de Chiloé  42 S, 72 W.
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1.1.2. Knowledge of Alexandrium catenella bloom ecology in the 

Chilean coast 

 

The broad scale environmental drivers that control the origin and dynamic of the 

A. catenella outbreaks in the complex ecosystem of fjords and channels in the 

south of Chile are poorly understood. However, emerging research in 

biogeography (Molinet et al., 2003), genetics (Amaro et al., 2000; Cordova & 

Muller, 2002; Uribe et al., 2008; Aguilera-Belmonte et al., 2011; Varela et al., 

2012), toxinology (Compagnon et al., 1998; Vásquez et al., 2001; Uribe and 

Espejo, 2003; Krock et al., 2007; Navarro et al., 2008; 2010), physiology 

(Martinez et al., 2000; Cordova et al., 2002; Cordova et al., 2003; Bustamante et 

al., 2003; Navarro et al., 2006; Fernández-Reiriz et al., 2008; Uribe et al., 2010; 

Hégaret et al., 2012) and ecology (Arzul et al., 2001; Amaro et al., 2005; Seguel 

et al., 2010) have opened the possibilities to start answering important ecological 

questions.   

For Alexandrium species, it has been proposed that cysts could play an important 

role in the success of this organism by permitting an interchange between 

planktonic and benthic habitats in response to a seasonally variable environment 

(Hallegraeff et al., 1998). The detection of sparse Alexandrium catenella-resting 

cysts in sediments of southern Chilean fjords has cast doubts on their importance 

in the recurrence of massive toxic dinoflagellate blooms in the region (Díaz et 

al., 2014). Moreover, physiological characteristics of A. catenella resting cysts 

are not well understood for Chilean strains, and it remains unclear what 

mechanisms, endogenous or environmental, regulate encystment and 

germination. For instance, a wide range of dormancy periods from 1 week to 

several months have been reported for this dinoflagellate from different 

geographical regions (Hallegraeff et al., 1998; Figueroa et al., 2005; Joyce and 

Pitcher, 2006). Such unpredictability emphasizes the need to elucidate cyst 

dynamics for Chilean dinoflagellate strains in order to develop a better 

understanding of the bloom triggers in this zone. 
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Furthermore, despite the environmental and economic importance of harmful 

bloom-forming marine microalgae, no investigation has focused on the effect of 

near future ocean acidification scenarios on HAB species in Chilean fjords. 

Important global research has been performed during the last decade to 

understand the effect of climate change on wide variety of marine organisms, and 

some of the predicted responses by harmful marine algae include changes in: (i) 

range expansion, (ii) abundance and seasonal window of growth; and (iii) timing 

of peak production (Hallegraeff, 2010). This gap in our ecological understanding 

of this toxic dinoflagellate constitutes a barrier to accurately predict its impact on 

future marine food webs.  

 

1.1.3. Alexandrium catenella: A potent fish-killer 

 

Outbreaks of particular phytoplankton species can affect salmon through oxygen 

stress, physical or chemical damage to the gills and/or introducing toxins into the 

fish (Anderson et al., 2001; Tang and Au, 2004). Mortality of cultured salmon 

has been associated with the presence of Alexandrium tamarense (>700 cell mL-

1) in Nova Scotia in 2000 (Cembella et al., 2002), and with Alexandrium 

fundyense (>300 cell mL-1) Bay of Fundy, eastern Canada in 2003 (Martin et al., 

2006, Sephton et al., 2007). The studies carried out in Canada and Nova Scotia 

demonstrated that there was little accumulation of toxins in stomach, gill and 

muscle tissues (less than 4 µg STX equiv. 100 g-1), thus casting doubt on the 

conclusion that substantial losses of salmon were the result of a direct exposure 

to lethal doses of PST.  
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Figure 1.2. Salmon mortality after the massive A. catenella bloom event in 2009 

(Courtesy: AquaChile S.A.).  

 

            In Chile, losses of farmed Atlantic salmon (Salmo salar) in 2002 (around 

1800 metric tons) and 2009 (more than US$10M reported by the Association of 

Chilean Salmon and Trout Farmers; Fig. 1.2.) have been associated with high 

cell abundances of A. catenella (from 300 to >5000 cell ml-1) and high 

concentrations of PST (up to 27,159 µg SXT equiv. 100 g-1, estimated in 

mussels). In Tasmania recurrent dense blooms of the PST-producing 

dinoflagellate Gymnodinium catenatum (up to 35,000 up to 27,159 µg SXT 

equiv. 100 g-1 in mussels) have never been associated with salmon aquaculture 

mortalities and no traces of PST have ever been detected in salmon flesh. Thus, 

the Alexandrium’s fish-killing mechanism is not well understood. We do not 

know (1) the precise critical amount of cells for ichtyotoxicity, (2) ichthyotoxic 

variability among A. catenella strains and more importantly, (3) whether the PST 

toxins play a role in these mortalities or if other substances, like cell exudates, 

are involved in this harmful process. 
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este dino!agelado tóxico en la zona sur del país (42° S) 
(Molinet et al., 2003) y los continuos eventos registrados 
(2002, 2006, 2009) en esa zona, lo han clasi"cado como un 
microorganismo plaga, por lo cual se deben evitar cual-
quier tipo de transporte de carácter antropogénico hacia 
la zona norte del país.

Existen otras microalgas que a pesar de no ser ictiotóxicas, 
si presentan un carácter nocivo para peces, debido básica-
mente a su morfología. Dentro del grupo de microalgas 
que han producido mortalidades de salmones en la zona 
sur de Chile, se destacan las diatomeas Leptocylindrus 
danicus, Leptocylindrus minimus (Clément et al., 1994) 
y Rhizosolenia setigera; y el silico!agelado Dyctiocha spe-
culum. Este tipo de microalgas posee una morfología ca-
racterizada por frustulas en forma de agujas (Leptocylin-
drus y Rizosolenia) o en forma de estrellas punteagudas 
(Dyctiocha) que irrita y daña las células epiteliales de las 
branquias de los peces, provocando sobre-producción de 

mucus en la zona branquial, y una subsecuente muerte de 
los peces en cultivo por as"xia ("g. 5).

Otra causa de muerte de peces tanto en cautiverio como 
de ambiente natural producto de microalgas, se produce 
cuando existen intensas !oraciones que alcanzan elevadas 
biomasas, las cuales pueden ser de especies tóxicas y/o 
nocivas, como también de especies inocuas. En la fase ter-
minal de estas !oraciones, se produce lisis celular, lo que 
genera disminución de las concentraciones de Oxígeno 
Disuelto (OD) en la columna de agua a valores por debajo 
de los 3 mg/L, provocando muerte por as"xia.

Esta disminución en la concentración de OD forma áreas 
anóxicas provocando la as"xia de todo tipo de organismos, 
un aumento en la carga bacteriana de las zonas afectadas 
y por ende mortalidades asociadas de peces en cautiverio, 
especialmente en aquellos centros de cultivos de salmóni-
dos en los cuales existe una gran densidad de individuos.

1.1.2 FANs y su impacto a la Mitilicultura
En la mitilicultura, los moluscos "ltradores en cultivo no 
se ven afectados en términos de mortalidad por las !ora-
ciones algales, sino que más bien, estos procesos ecológicos 
naturales son necesarios para el desarrollo y el normal cre-
cimiento de estos organismos, debido a que las microalgas 
son su principal fuente de alimento. Sin embargo, mediante 
el proceso de "ltración para alimentarse del material en 
suspensión en la columna de agua, los moluscos concen-
tran en sus tejidos todo tipo de particuladas, tales como 
detritus y "toplancton. Algunas especies de microalgas 
tóxicas al ser "ltradas y bio-acumuladas en los moluscos 
pueden resultar perjudiciales para la salud humana.

Las principales toxinas objetivo de los programas de mo-
nitoreo son: 

por el dino!agelado Alexandrium catenella; 

por las diatomeas del género Pseudonitszchia y 

reconocidas como lipotoxinas) producido por dino!a-
gelados del genero Dinophysis. 

Suarez-Isla et al., (2002) indican que el principal impacto 
en la industria de producción de organismos "ltradores 
(básicamente choritos), se debe a los prolongados perio-
dos de cierre de zonas afectadas por FAN. Si considera-
mos que esta creciente industria logró exportaciones por 
sobre los US$ 182 millones en el 2011 (www.aqua.cl), los 
largos periodos de cierre (mayor a 80 días) pueden provo-
car severos impactos económicos en la industria, no solo 
afectando a exportadores, si no que a toda la cadena de 
producción.

Estos cierres se deben a que los moluscos  "ltradores  bio-
acumulan las toxinas presentes en las microalgas (por eso 
son considerados organismos de alerta temprana). De-
bido a su alta tasa de "ltración (> 50 L/h), en cuestión 
de horas pueden alcanzar concentraciones por sobre los 
límites legales establecidos (80 µg de saxitoxina/100 g de 
carne) en el caso del VPM. En cambio su detoxi"cación es 
lenta, tomando incluso meses conseguir concentraciones 
de toxina por debajo de los límites de detección.

1.1.3. Estrategias de Mitigación
Sin duda que la mejor estrategia de mitigación es estable-
cer un efectivo programa de monitoreo de "toplancton. 
La ejecución de estos programas  permite tener una alerta 
temprana cuando se detecta la presencia de microalgas 
tóxicas o nocivas en bajas concentraciones en la columna 
de agua. Sin embargo, cuando ya se ha desarrollado una 
proliferación de microalgas existen diversas estrategias 
que se pueden aplicar en centros de cultivos, especial-
mente en el cultivo de salmónidos. Entre ellas se destacan:

a) Disminución o cese temporal de la alimentación: 
Es una técnica de bajo costo y bastante efectiva, y se 
necesita complementarla con otras técnicas para una 

mayor efectividad. Su objetivo es disminuir la deman-
da de oxígeno por parte de los peces durante el proceso 
digestivo (Rensel, 1995). 

b) Aireación: Su objetivo es mantener el nivel de sa-
turación de oxigeno en el agua. Se debe aplicar con 
moderación ya que la turbulencia podría agravar las 
consecuencias negativas para el cultivo. Se recomienda 
aplicar este método durante el periodo de declinación 
de una FAN (Rensel, 1995).

c) Bombeo de agua profunda: Esta técnica se realiza 
fundamentalmente cuando la !oración se encuentra 

Figura 5. (A-C) Estado de jaulas de cultivo de salmónidos post evento de FANs en Archipiélago de las Guaitecas y (D) faenas de retiro 
de mortalidad (Gentileza AquaChile S.A.). 

(A)

(C) (D)

(B)
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Fish gills are widely recognized as the primary target organ for ichthyotoxic 

compounds from fish killing algae (Deeds et al., 2006). Dorantes-Aranda et al., 

(2011) developed a standard in vitro bioassay at the University of Tasmania to 

study chemical toxicants as well as the effect of harmful microalgae on fish gill 

cell viability. This advance has allowed the study of different toxic compounds 

from a wide variety of harmful species that might open the possibilities to 

understand the toxic mechanisms involved in the massive fish-killing events that 

have occurred in the Chilean fjords during outbreaks of the toxic dinoflagellate 

A. catenella. 

 

1.2. Hypotheses 

a) Resting cysts have a significant role in the bloom dynamic success of A. 

catenella in the Chilean fjords through active pelagic-benthic processes. 

 

b) Constant variations in pCO2/pH in Chilean fjords systems promote short-term 

morphological and physiological responses in the toxic dinoflagellate A. 

catenella, which suggests resilience of this specie to a future ocean acidification 

scenario. 

 

c) Paralytic Shellfish Toxins do not affect gill cell tissues and cytotoxicity 

produced by A. catenella derives from other toxic metabolites.  

 

1.3. Objectives 

 

• Investigate the role of resting cysts in Alexandrium bloom dynamics in the 

highly complex Chilean fjords by examining population genetics, sexual events, 

encystment and excystment processes among Chilean strains and its relation with 

historical field cyst distribution patterns. 
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• Determine the effect of seawater carbonate speciation (CO2, HCO3
-, CO3

-2 and 

pH) on growth rates, DIC uptake, cell size and chain-formation of the 

dinoflagellate A. catenella under six pCO2/pH levels and two light conditions. 

 

• Investigate the properties of lytic compounds and ichthyotoxic variability 

among Chilean A. catenella strains using a fish gill cell line assay. 

 

• Apply a novel non-invasive ion flux estimations (MIFE) technique to 

characterize fish gill cell membrane ion fluxes when exposed to harmful 

microalgae and toxic marine metabolites. 

 

• Filling these critical gaps in our knowledge of Alexandrium catenella 

physiology, ecology, and ichthyotoxicity will have important applications how 

the Chilean aquaculture industry can manage and mitigate against such harmful 

algal bloom events.  This work is more urgent than ever in view of the 

catastrophic $800M aquaculture losses in Chile in April-May 2016. 
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Abstract 

The detection of sparse Alexandrium catenella-resting cysts in sediments of 

southern Chilean fjords has cast doubts on their importance in the recurrence of 

massive toxic dinoflagellate blooms in the region. The role of resting cysts and 

the existence of different regional Chilean populations was studied by culturing 

and genetic approaches to define: (1) cyst production; (2) dormancy period; (3) 

excystment success; (4) offspring viability; and (5) strain mating compatibility. 

This study newly revealed a short cyst dormancy (minimum 69 days), the role of 

key abiotic factors (in decreasing order salinity, irradiance, temperature and 

nutrients) controlling cyst germination (max. 60%) and germling growth rates 

(up to 0.36 to 0.52 div. day-1). Amplified Fragment Length Polymorphism 

(AFLP) characterization showed significant differences in genetic distances (GD) 

among A. catenella populations that were primarily determined by the 

geographical origin of isolates and most likely driven by oceanographic dispersal 

barriers. A complex heterothallic mating system pointed to variable reproductive 

compatibility (RCs) among Chilean strains that was high among northern (Los 

Lagos/North Aysén) and southern populations (Magallanes), but limited among 

the genetically differentiated central (South Aysén) populations. Field cyst 

surveys after a massive 2009 bloom event revealed the existence of exceptional 

high cyst densities in particular areas of the fjords (max. 14.627 cysts cm-3), 

which contrast with low cyst concentrations (<221.3 cysts cm-3) detected by 

previous oceanographic campaigns. In conclusion, the present study suggests that 

A. catenella resting cysts play a more important role in the success of this species 

in Chilean fjords than previously thought. Results from in vitro experiments 

suggest that pelagic-benthic processes can maintain year-round low vegetative 

cell concentrations in the water column, but also can explain the detection of 

high cysts aggregations after the 2009-bloom event. Regional drivers that lead to 

massive outbreaks, however, are still unknown but potential scenarios are 

discussed. 
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2.1. Introduction 
 

Alexandrium is a much-studied dinoflagellate in Chilean fjords because of its 

production of toxins responsible for Paralytic Shellfish Poisoning (PSP) and its 

high ichthyotoxic potency. Chilean Alexandrium populations conform 

morphologically to Alexandrium catenella (Whedon and Kofoid) Balech and 

genetically to Group 1 of the A. tamarense complex (Lilly et al., 2007), also 

referred to as A. fundyense (John et al., 2014; Wang et al., 2014). This study 

retains the name A. catenella because of the large body of previously published 

literature in Chile and nomenclatural arguments against its rejection (Fraga et al., 

2015). Chilean A. catenella blooms exhibit differing annual patterns in different 

regional areas (Guzmán et al., 2010a). In the north (Los Lagos), blooms are 

sporadic and reach 1000 cells L-1 and 1,419 µg STX eq. 100 g-1 of toxin 

concentration in shellfish, while in the south (Magallanes) much higher bloom 

densities of 53,800 cells L-1 and ~27,000 µg STX eq. 100 g-1 have been reported. 

Commonly blooms start in spring in Magallanes region and appear 1-2 months 

later in Aysén. The hydrologically complex central Aysén region experienced a 

severe summer 2009 bloom of >4,000,000 cells L-1 (Mardones et al., 2010) 

covering most of the Aysén, but not Magallanes region. This event caused 20 

human poisonings, 2 fatalities, and losses of over USD 10 M to the salmon 

industry (Chapter 4). 

The ecological success of Alexandrium species relates to its complex life cycle 

strategy, alternating between planktonic and benthic habitats (Anderson, 1998).  

At the end of a bloom, generally under nutrient limitation, vegetative growth 

ceases and cells undergo sexual reproduction with a swimming zygote resulting 

from the sexual fusion of gametes and ultimately becoming a dormant resting 

cyst. These sexual resting stages provide ecological benefits, such as promoting 

dispersion, genetic recombination and surviving adverse environmental 

conditions (Fritz et al., 1989). These processes strongly depend on physiological, 

environmental and endogenous factors that drive both encystment and 

excystment (Figueroa et al., 2005; Genovesi et al., 2009; Tobin et al., 2011; Ní 

and Raine 2011).  
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The importance of resting cysts as inocula for Alexandrium outbreaks has been 

the focus of considerable global research (Anderson et al., 1987; Hallegraeff et 

al., 1998, Kremp, 2001; Genovesi et al., 2009).  Studies in the Chilean fjords 

have cast doubts as to the contribution of cysts to serve as inoculum for bloom 

initiation because maximum cyst concentrations in sediments have not exceeded 

221.3 cysts cm-3 (Seguel and Sfeir 2003), which is much lower for example than 

reported by Yamaguchi et al., (2002) in Japan (max. 8.000 cysts cm-3). A recent 

study carried out in the northern Patagonian fjords (Díaz et al., 2014) added to 

this claim by showing that resting cysts can be rapidly depleted (~3 months) 

from surface sediments even after a massive bloom event. Díaz et al., (2014) also 

suggested that the low abundance of resting cysts in the sediments was a 

reflection of cyst production, however, this was not backed up by in vitro mating 

studies with Chilean strains. 

Important endogenous factors that control encystment and excystment processes 

such as genetic compatibility and gamete recognition among clones, mating 

system and cyst dormancy, can be highly variable among Alexandrium species 

and strains (Kremp, 2013; Dia et al., 2014) and might require population-specific 

approaches. The aim of this study was to investigate the role of resting cysts in 

Alexandrium bloom dynamics in the highly complex Chilean fjords by 

examining population genetics, sexual events, encystment and excystment 

processes among 25 Chilean strains and its relation with historical field cyst 

distribution patterns.  

 

2.2. Methods 

2.2.1. Study area 

The Patagonian fjords (42–56°S) cover 105 km2 of coastal ocean. At these rainy 

and cold latitudes, hydrological processes are strongly affected by large 

freshwater input into coastal areas from precipitation and melt water from 

Patagonian ice fields (Rignot et al., 2003). In the northern Aysén Patagonian 

fjords (44–46°S), where the A. catenella bloom events are the target of the 
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present study, the vertical distribution of water masses exhibits a three-layer 

structure (Fig.2.1). A surface layer of Estuarine Waters (EW) between 0 to 20-30 

m moves offshore increasing its salinity compared to fresh water sources. An 

intermediate layer of Sub-Antarctic Waters (SAAW) between 30 - ~150 m enters 

Moraleda channel through Boca del Guafo, while a deep layer of remnants of 

Equatorial Subsurface Waters (ESSW) from ~150 to the ocean bottom enters 

Moraleda channel but is limited to the south by the Meninea constriction-sill 

(Silva et al., 1998). This submarine topographic barrier divides the channel into 

two separate microbasins (Siever and Silva, 2008) and generates local water 

retention in the southern side of the constriction for about 10 months of the year 

(Salinas and Hormazábal, 2004). 

 

Figure 2.1. (A–B) Horizontal circulation in the Los Lagos/Aysén fjords modified 

from Silva et al. (1998); (A) Deep waters (light grey arrows Sub-Antarctic 

Waters, SAAW ~30 to ~150 m; dark grey arrows Equatorial Subsurface Waters, 

ESSW ~150 m to bottom); (B) Shallow waters (Estuarine Waters, EW ~0 to ~30 

m). 
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2.2.2. Field data 

To survey for resting cyst beds after the A. catenella 2009 bloom event, sediment 

samples were collected by the Instituto de Fomento Pesquero (IFOP) in Los 

Lagos and Aysén regions (41° 35' 48'' - 45° 56' 41'' S). A total of 46 stations were 

sampled using an 8 cm-long corer during the periods comprised between 

February-March 2009, October 18th - 27th 2009, July 02nd – 26th 2010 and 

November 14th – 24th 2010 in the Aysén Region and between July 01st – 02nd 

August 2010 in Los Lagos Region.  

Additionally, historical A. catenella cyst abundance and distribution in sediments 

of Los Lagos/Aysén was compiled from multiple oceanographic expeditions 

from CIMAR-FIORDO projects in 1996, 1998, 1999, 2001, 2002, 2003, 2004, 

2005 and 2007 http://www.shoa.cl/n_cendhoc/productos/reporte_datos.php; 

MR02I1007 (2002); Alves de Souza et al., (2008); Guzmán et al., (2010b) and 

Díaz et al., (2014). Cyst quantification in those studies was performed following 

Bolch (1997) or Matsuoka and Fukuyo (2000).  

 

2.2.3. Laboratory studies 

2.2.3.1. Cysts counting from field sampling 

 

For cyst quantification, collected sediments were treated as described by 

Matsuoka and Fukuyo (2000). The first 3 cm of the cores were transferred to 

100-mL flasks and kept in dark cool conditions until analysis. Sediment volumes 

of 5 to 10 cm-3 were sonicated and sieved through plankton nets to obtain size 

fractions between 106 and 20 µm. The sediment remaining on the 20 µm sieve 

was transferred to petri dishes and cysts were re-suspended from sediment using 

filtered seawater. Cyst quantification was performed in triplicate using 

Sedgewick-Rafter chambers under an Olympus BX41 inverted microscope. 
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2.2.3.2. Origin and maintenance of A. catenella cultures 

Monoclonal cultures of A. catenella were isolated from the Chilean southern 

fjords (Table 2.1) and kept at the Harmful Algal Culture Collection of the 

Institute for Marine and Antarctic Studies (University of Tasmania, Australia) 

and at the Chilean Harmful Algal Culture Collection of the Centro i-mar (Los 

Lagos University, Chile). Cultures were maintained in L1 medium at 17°C in 

sterile filtered (0.22 µm), seawater with a salinity of 30 at 100 µmol photons 

PAR m-2 s-1 (cool white fluorescent lamps) under a 12:12 h light:dark cycle.  

Table 2.1. List of strains of A. catenella included in this study arranged from 

north to south. 

 

Analysis Strain Region / Locality Isolated by Isolation 
date 

Isolated 
from 

         

rDNA-ITS                  
Mating compatibility      

Encystment                 
Germination               
Growth rate 

Q09 Los Lagos / Quellón Pamela Fernández 8/10/08 Cyst 
CERES8 North Aysén / Ceres Is. Andrea Zuñiga 1/04/09 Cell 

AY3 North Aysén / Ovalada Is. Andrea Zuñiga 17/03/09 Cyst 
VALV2 North Aysén / Valverde Is. Andrea Zuñiga 1/04/09 Cell 

DAVIS10 North Aysén / Davis Is. Andrea Zuñiga 1/03/09 Cell 
ESTER2 South Aysén / Ester Is. Andrea Zuñiga 1/03/09 Cell 

AY2 South Aysén / Aysén Fjord Miriam Seguel 9/06/08 Cyst 
ACC07 South Aysén / Canal Costa Miriam Seguel 1994 Cell 

A4 North Magallanes No data No data Cell 
K7 South Magallanes No data No data Cell 

            

! ! ! ! !  !

AFLPs 

CERES8B North Aysén / Ceres Is. Andrea Zuñiga 2009 Cell 
DAVIS8B North Aysén / Davis Is. Andrea Zuñiga 2009 Cell 
DAVIS5B North Aysén / Davis Is. Andrea Zuñiga 2009 Cell 
ESTER2A South Aysén / Ester Is. Andrea Zuñiga 2009 Cell 
ESTER3A South Aysén / Ester Is. Andrea Zuñiga 2009 Cell 

PNA1 North Magallanes Andrea Zuñiga 2009 Cyst 
PNA5 North Magallanes Andrea Zuñiga 2009 Cyst 
PNA6 North Magallanes Andrea Zuñiga 2009 Cyst 
PNB North Magallanes Andrea Zuñiga 2009 Cyst 
PND North Magallanes Andrea Zuñiga 2009 Cyst 
PSK2 South Magallanes Andrea Zuñiga 2009 Cyst 
PSK4 South Magallanes Andrea Zuñiga 2009 Cyst 
PSK10 South Magallanes Andrea Zuñiga 2009 Cyst 
PS45(1) South Magallanes Andrea Zuñiga 2009 Cyst 
PS46(4) South Magallanes Andrea Zuñiga 2009 Cyst 

          
!
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2.2.3.3. Encystment 

For encystment observations, 12 strains were crossed in all possible 

combinations in duplicate (self-crossed controls for testing homothallism) by 

pipetting 400 cell mL-1 inoculum of a late-logarithmic-phase culture into 5 mL of 

L1 medium without nitrate and phosphate (L1-N-P) in presterilized polystyrene 6 

wells-plates (Hallegraeff et al., 1998). Plates were sealed with ParafilmTM and 

incubated at 17°C, salinity of 28, 100 µmol photons PAR m-2 s-1 white 

fluorescence light. Plates were checked once a week for resting cyst formation by 

scanning the entire well with a Zeiss Axiovert 25 inverted microscope. Each 

cross was scored after the cyst production until values reached zero (45 days 

after inoculation), into the following categories: 0 = unsuccessful crosses; 1 to 4 

correspond to <20, 21-100, 101-200 and >200 cysts mL-1, respectively.  

 

2.2.3.4. In vitro cyst germination experiments 

Resting cysts from the two most successful crosses (Q09 x CERES8 and Q09 x 

K7) were used for germination experiments in quadruplicate under four 

conditions of salinity (20, 25, 30 and 33), temperature (10, 12, 14 and 17°C), 

nutrients (L1, L1-P, L1-N
 and L1-NP) (Guillard and Ryther, 1962) and irradiance 

(20, 50, 100 and 200 µmol photons PAR m-2 s-1). Cysts were isolated manually 

immediately after encystment experiments (no storage) by micropipette under an 

inverted microscope (Zeiss Axiovert 25) and grouped in bunches of 62 to 74 

cysts per treatment replicate. Each treatment replicate was subdivided in groups 

of 11 to 16 cysts to facilitate their observation and quantification under the 

microscope and distributed into 96-well culture plates (Greiner bio-one) with 180 

µL culture media. Evaporation in the wells was controlled by refilling with 

culture media every 5 days with a volume of ~10µL. Plates were checked every 2 

days until the end of the incubation period by scanning all wells under an 

inverted microscope (Zeiss Axiovert 25). Success in germination was validated 

by the observation of empty cyst walls with a tremic archeopyle. Non-germinated 
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resting cysts with degradation of internal content were also recorded. Cumulative 

excystment was estimated at the end of the experiment (after 158 days) as % 

germinated cysts of total inoculated cysts. 

 

2.2.3.5. Dormancy period 

Cyst dormancy period was assessed on freshly laboratory-produced resting cysts 

from Q09 x K7 and Q09 x CERES8 crossings under four different environmental 

variables as in section 2.3.4. Standard Dormancy (SD) (Blackburn et al., 2001) 

was estimated from mean number of days from first cyst production to first cyst 

germination among all germination treatments. Minimum Dormancy (MD) was 

estimated as the time from first cyst produced in a cross to first noted cyst 

germination. Neither SD nor MD includes the period of gamete formation and 

fusion. “Median dormancy”, the number of days from cross inoculation to 50% 

germination, could not be estimated because less than 20% of treatments reached 

50% germination. 

 

2.2.3.6. Germling cell growth 

Growth rate of germling cells of newly formed resting cysts (from crossings of 

Q09 x CERES8 and Q09 x K7) was assessed in triplicate after germination from 

six random excystment treatments (salinity of 25 and 30; L1-N; 50 and 100 µmol 

photons PAR m-2 s-1 and 14°C). The germling cell from each treatment was 

isolated by pipetting immediately after germination, seeded in 10 mL glass tubes 

and cultured in L1 medium at 17°C in sterile filtered (0.22 µm), seawater at 

salinity of 30 at 100 µmol photons PAR m-2 s-1. Vegetative growth was measured 

by in-vivo chlorophyll-a fluorescence using a Turner 10-AU fluorometer (Turner 

Designs, USA) that has a limit of detection of 5.73µg L-1 (equivalent to ~0.047-

0.358 A. catenella cells mL-1). Growth rate µ (d-1) was calculated using the 

formula:  
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                    (1)                

                                                                                                                                  

where c0 was the in-vivo fluorescence reading for each time point relative to the 

previous measurement c1 and at time t (days), respectively. Division per day was 

calculated once growth rate was known as follow: 

 

                                         (2) 

 

2.2.3.7. Mating compatibility 

A square symmetrical crossing matrix was defined for mating group analysis. To 

establish heterothallism, it was initially attempted to categorize all strains into 

two groups, (+) and (-). Evidence of multiple mating groups was obtained after 

manual sorting and assessment of successful pairwise crosses among all strains, 

discriminating five mating groups. To evaluate differences among strains, a 

measure of strain reproductive compatibility (RC) was calculated from the scores 

of the crossing matrix according to Blackburn et al., (2001):                                                

                                                       

                                                                                      (3) 

Where:  

µ =
ln(c1/c0)

t1 � t0

Div.day�1 = µ/Ln2

RC = CI ⇤ AV
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Compatibility index (CIs) is the number of successful crosses resulting in a score 

of >1 divided by the total number of possible crosses. Average vigour (AVs) is 

the average of the number of cyst produced per cross in successful crosses 

involving a particular strain. 

 

2.2.3.8. rDNA ITS sequencing 

Total DNA was extracted from 10 ml of exponential phase cultures of ten A. 

catenella Chilean strains (Table 2.1) using a MoBio PowerSoil DNA extraction 

kit (MoBio, USA) according to the manufacturer’s protocols, diluted to 

concentration of 10 ng µL-1, and used as template for PCR.  The D1-D2 region of 

the  LSU-rDNA was amplified by PCR using primers D1R and D2C (Scholin et 

al., 1994), and the rDNA-ITS region amplified using primers ITSA and ITSB 

(Adachi et al., 1996). PCR reactions were carried out in 50 µL volumes and 

contained: 1U BIOTAQ (Bioline, UK), 3 mM MgCl2; 200µM of dNTPs, 50 

pmoles of each primer, 3µL of Bovine Serum Albumin, (1mg mL-1). PCRs 

reactions were amplified as follows: initial denaturation at 94 0C for 4 min; 35 

cycles of 94°C for 30s, 50°C for 1 minute, 72°C for 2 min; a 72°C final 

extension for 6 min. Resulting PCR products were checked for amplification 

artefacts by electrophoresis (1% TBE/agarose gels), purified using UltraClean™ 

purification columns (MoBio, USA), and sequenced using the forward 

amplification primer by the Ramaciotti Centre for Functional Genomics 

(University of NSW, Australia).  

 

2.2.3.9. Amplified Fragment Length Polymorphism (AFLP)  

Total DNA was extracted from 15 clonal dinoflagellate cultures using a standard 

phenol-chloroform method (Sambrook et al., 1989) protocol with modifications. 

Cells were harvested in exponential phases of growth and concentrated by 

centrifugation. Extracted DNA concentration was measured using a 
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spectrophotometer (NanoDrop 1000, Thermo scientific). Amplified fragment 

length polymorphism (AFLP) was carried out following Vos et al., (1995) and 

John et al., (2004) using 1000 ng of DNA. Selective amplification was performed 

using FAM-labelled dye primers EcoRI (5´-GACTGCGTACCAATTCXXX-3´) 

and MseI (5´-GATGAGTCCTGAGTAAXXX-3´) in the following four 

combinations: EcoRIAAG  x MseICTA, EcoRIAAG x MseICTT, EcoRIACC x MseICTA 

and  EcoRIACC x MseICTT. AFLP amplification was performed by Touchdown 

PCR program using a Thermo Px2 PCR thermocycler (Thermo-Electron 

Corporation, MA, USA) and the resulting AFLP products separated using an 

ABI PRISM 3100 sequencer (16 capillaries, Applied Biosystems, USA). 

Presence/absence of co-migrating AFLP fragments were determined using Peak 

Scanner 1.0 software (Applied Biosystems, USA) to establish a haplotype 

presence/absence matrix among all strains examined. 

 

2.2.3.10. Data analysis 

Mating compatibility, encystment and dormancy period were subjected to a one-

way ANOVA. Normality and homogeneity of variances were assessed by the 

Kolmogorov-Smirnov method and Levene’s test. A post-hoc analysis using a 

Tukey HSD test was performed to determine differences among and within 

treatments. rDNA ITS sequences were corrected by visual inspection and aligned 

with published A. tamarense species complex sequences available on GenBank. 

Neighbour-joining phylogenetic trees were constructed from Tamura-Nei 

distances (Nei, 1978) using the software Geneious R6 (Biomatters, NZ). To 

depict differences in genetic diversity among the A. catenella strains by using 

AFLP data, canonical analysis of principal coordinates (CAP) was performed on 

Euclidean distances (estimated from presence/absence matrix) using the 

permutational distance-based multivariate ANOVA software (PERMANOVA+) 

for PRIMER version 6 (Anderson et al., 2008). Test of differences in the genetic 

distances were carried out using PERMANOVA. A permutation test for 

significant differences in multivariate dispersion (PERMDISP) was conducted 
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because PERMANOVA is sensitive to differences in the dispersion of points 

among groups. 

Log-linear models were used to assess the relationship between explanatory 

variables (cyst genotype and environmental factors) and response variable (cyst 

germination) by creating models of expected cell frequencies that best predict the 

observed cell frequencies based on the smallest number of term (variable 

interactions) associations. A three-way interaction (cyst genotype x 

environmental factor x cyst germination success) was used to test the null 

hypothesis (no association among variables) and the two-way interaction of the 

conditional independence among variables. These estimations were tested against 

a saturated model (including all the possible interactions among the variables) 

comparing the fit of the full model with terms omitted in alternative models. 

Saturated model: 

 

              (4) 

 

where Ln(Fijk) is the log of the expected cell frequency of the cases for cell ijk in 

the contingency table; µ is the overall mean of the natural log of the expected 

frequencies; λ terms each represent “effects” which the variable have on the cell 

frequencies, and a, b and c correspond to the variables new-formed cyst 

genotype, environmental factors (salinity, nutrients, temperature or irradiance) 

and cyst germination success, respectively. The significance level of 95% 

(α=0.05) was considered in all statistical tests. The software R v. 3.0.1 (Ihaka and 

Gentleman, 1996; http://www.r-project.org) was used for this statistical analysis. 

 

 

 

Ln(Fijk) = µ+ �a
i + �b

j + �c
k + �ab

ij + �ac
ik + �bc

jk + �abc
ijk
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2.3. Results 

2.3.1. A. catenella resting cysts field data 

Distribution and abundance of resting cysts surveyed before, during and after the 

2009 bloom event are shown in Fig. 2.2. A-B. Despite several A. catenella 

outbreaks recorded prior the 2009 event (i.e. 2002 and 2006), cysts abundances 

in Los Lagos/Aysén regions were extremely low with a mode of <10 cysts cm-3 

and the highest concentration of 221.3 cysts cm-3 detected in Tic-Toc Bay in July 

2002 (Seguel and Sfeir 2003). The oceanographic campaigns performed in 2009-

2010 showed sparse cyst abundances in Los Lagos region as well as in most of 

the Aysén region. However, exceptional densities of 14,627 and 2,729 cm-3 

nearby the Moraleda Channel in Seno Medio and Seno Canalad (44° 36' 34'' S - 

73° 14' 50'' W; Aysén region), respectively, were recorded ~1 year after the 2009 

bloom event (July 02nd – 26th 2010). 
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Figure 2.2. (A) Historical distribution and abundance of A. catenella resting cysts 

(cysts cm-3) in surface sediments of the Los Lagos/Aysén fjords from combined 

multiple oceanographic expeditions from 1996 to prior a major bloom event in 

summer 2009 and (B) distribution and abundance of A. catenella resting cysts 

sampled between February-March 2009, October 18th - 27th 2009, July 02nd – 26th 

2010 and November 14th – 24th 2010 in the Aysén Region and between July 01st 

– 02nd August 2010 in Los Lagos Region during and after a major bloom event in 

2009 (this study). 

 

2.3.2. In vitro experiments 

2.3.2.1. Observations from encystment to excystment 

Diameter of A. catenella vegetative cells from monoclonal cultures ranged 

between 18 to 36 µm. During mating experiments, ecdysal (temporary) cysts 

were frequently rounded and smaller than pellicle-germling cells (22.4 ± 3.2 

µm), without flagella and surrounded by a thin and transparent layer. Gametic 

fusion resulted in the formation of a planozygote larger than vegetative cells 

(>35 µm) with a dark and granular cytoplasm. Planozygotes remained motile for 

2 to 4 days and then lost motility and settled to the bottom of culture wells. Cells 

then gradually transformed from golden-brown to greenish cytoplasm over a 

period of 4-6 days, after which a resting cyst emerged from the apical extremity 

of the planozygote by amoeboid motion. In some cases, a small portion of non-

motile planozygotes remained in the bottom of the wells, but never became cysts. 

Cysts showed an average size of 41.4 ± 1.7 µm long and 27.3 ± 1.2 µm wide. 

During the dormancy period, the cyst cytoplasm, became condensed, a red 

accumulation body formed and a mucilaginous layer developed around the cyst 

wall. Non-viable resting cysts turned whitish with non-granular content and red 

accumulation body, especially for cysts exposed to high temperature and high 

light intensity (17°C and 200 µmol photons PAR m-2 s-1, respectively).  
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Figure 2.3. In vitro observations to the A. catenella life cycle Chilean strains. (A) 

vegetative cells; (B) ecdysal cyst germination; (C) gamete; (D) gamete fusion; 

(E) planocygote with dark and granular cytoplasm; (F) motile cells with elliptical 

shape usually observed after gamete fusion; (G) merging protoplasm from 

planocygote; (H) resting cyst; (I) excystment and (J) planomeiocyte.    
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2.3.2.2. Cyst production 

The encystment process was highly synchronized, with a cyst formation window 

from 16 to 20 days after gamete recognition and planozygote formation. Cyst 

production and maximum cyst production per day are presented in Table 2.2. The 

cyst yield varied significantly among the 23 pairwise crosses (ANOVA, F=32.4, 

p<0.001), ranging from 7.1±1.3 (AY3 x DAVIS10) to 316.9±20.5 (Q09 x K7) 

mL-1 despite using identical environmental culture conditions. The maximum 

cyst production among the crosses ranged between 0.6±0.6 (AY3 x DAVIS10) 

and 25.4±4.8 (Q09 x CERES8) mL-1 d-1.  

 

Table 2.2. Cyst production and maximum cyst production rate per day of 23 

pairwise crosses among A. catenella strains. (*) Cysts used for excystment 

experiments; n.d. = no data (cysts quantification performed only at the end of the 

experiment). Scoring criteria for cyst production: 0 = unsuccessful crosses; 1 to 4 

correspond to <20, 21-100, 101-200 and >200 cysts ml-1, respectively. 
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2.3.2.3. Dormancy period  

Dormancy of the newly-formed resting cysts varied between different parental 

strains and was significantly different among the germination treatments 

(ANOVA, F=81.6, p<0.001). Standard dormancy for Q09 x CERES8 was 

estimated as 133.4±13.2 days with a minimum dormancy of 116 days at salinity 

of 25 and 20 µmol photons PAR m-2 s-1 (Figs. 3 A-D). Higher values of salinity, 

temperature and irradiance extended the standard dormancy. Nutrient depleted 

conditions did not exhibit a significant effect on dormancy; however, lack of 

germination in L1 media did not allow correct interpretation from the excystment 

response of Q09 x CERES8. For Q09 x K7, standard dormancy was estimated as 

99.8±26.7 days with a minimum dormancy of 69 days at 10°C. High temperature 

and depleted nutrient conditions extended the cyst dormancy, whereas salinity 

and irradiance did not show a significant effect (Figs. 3 E-H). 

Pairwise cross Scoring 
criteria 

Cyst production 
(cyst mL-1) 

Maximum cyst production rate 
(cyst mL-1 d-1) 

(*)     Q09 x K7 4 316.9 ± 20.5 17.1 ± 11.0 
(*)     Q09 x CERES8 4 299.4 ± 62.5 25.4 ± 4.8 

CERES8 x VALV2 4 266.5 ± 32.4 15.1 ± 6.5 
Q09 x A4 4 215.6 ± 52.7 16.2 ± 10.7 

VALV2 x A4 4 212.1 ± 21.8 14.0 ± 3.6 
Q09 x DAVIS10 3 134.1 ± 32.2 9.4 ± 3.4 
K7 x AY3 2 99.8 ± 6.4 n.d. 

CERES8 x AY3 2 89.0 ± 6.0 n.d. 
AY3 x A4 2 58.0 ± 3.7 7.5 ± 1.8 

K7 x A4 2 34.0 ± 10.1 2.9 ± 3.0 
K7 x CERES8 1 18.4 ± 1.3 n.d. 
K7 x AY2 1 18.4 ± 2.2 n.d. 
K7 x DAVIS10 1 18.2 ± 3.4 n.d. 
K7 x ACC07 1 16.6 ± 1.1 n.d. 

VALV2 x DAVIS10 1 16.4 ± 6.4 n.d. 
K7 x ESTER2 1 15.4 ± 1.7 n.d. 

CERES8 x ACC07 1 14.2 ± 1.9 n.d. 
k7 x VALV2 1 13.8 ± 1.2 n.d. 

CERES8 x AY2 1 12.8 ± 0.3 n.d. 
CERES8 x A4 1 11.6 ± 1.2 n.d. 
CERES8 x DAVID10 1 8.6 ± 3.6 n.d. 
CERES8 x ESTER2 1 7.8 ± 1.4 n.d. 

AY3 x DAVID10 1 7.1 ± 1.3 0.6 ± 0.6 
!
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Figure 2.4. Effect of salinity, temperature (°C), culture media and irradiance 

(µmol photon m-2 s-1) on cumulative excystment (black solid dots and lines) and 

standard dormancy of the new A. catenella laboratory-produced resting cysts 

(boxes). A-D: Q09 x CERES8 resting cysts. E-H: Q09 x K7 resting cysts. 

Median (line within boxes) and interquartile range (shaded area) are indicated. 

Letters on top of boxes represent significant differences among treatments. 

 

2.3.2.4. Effect of environmental conditions on cyst germination 

Log-linear models with different combinations of predictors (newly-formed cyst 

genotype and environmental factors) and the response variable of cyst 

germination success are presented in Table 2.3. The comparison of the fit of 

model 3 and the saturated model 4 is a test of the H0 that there exists no three-

way interaction. The G2 (likelihood ratio X2 statistic) chose model 3 as best fit for 

all environmental variables. The predictor “Nutrients” was the only one that 

resulted in rejection of H0, accepting a three-way interaction among cyst 

genotype, nutrients and germination success (LLM, G2=9.74, p=0.02; Table 

2.3A). The hierarchical comparison of models (Table 2.3B) showed a conditional 
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independence between germination success and salinity, temperature and 

irradiance (LLM, p>0.05), i.e. germination success under these three 

environmental factors was independent for each newly formed cyst genotype. In 

contrast, the germination of each cyst genotype was dependent on environmental 

factor levels (LLM, p<0.001) resulting in an overall cyst germination that was 

enhanced by high salinity, low temperature, N and/or P depletion, and low 

irradiance (Fig. 2.4.). The G2 suggested that the main factors affecting cyst 

germination were in decreasing order salinity, irradiance, temperature and 

nutrients (Table 2.3). The maximum cumulative excystment was around 60% but 

not all treatments resulted in germinated cysts, especially in Q09 x CERES8.  

 

Table 2.3. Fitted log-linear models between the categorical predictors: new-

formed cyst genotype (a), environmental factors (b) and the response variable: 

cyst germination success (c). A) The comparison of the fit of model 3 and the 

saturated model 4 is a test of the H0 that there is no three-way interaction. B) 

Hierarchical comparisons of models to test three way interaction and conditional 

independence among the variables.  

 

 

 

2.3.2.5. Growth rate of A. catenella offspring  

All germling cells exhibited positive growth rates (Fig. 2.5). Both Q09 x 

CERES8 and Q09 x K7 offspring reached growth rates up to 0.36±0.00 and 

3.2.6. Mating compatibility, DNA sequencing and AFLP
characterization

The Alexandrium catenella-intercrossing matrix and self-cross-
ing compatibility is presented in Fig. 5A. Based on the assumption
of simple binary heterothallism (+)/(!) described for Japanese A.
catenella (Yoshimatsu, 1984), it was initially attempted to
categorize strains into two mating groups. This was not possible,
and manual sorting of the crossing matrix resolved three mating
groups (A–C) and two singletons (D, E). Crossing experiments
showed that 53.3% (23 of 45 triplicate crosses) of the total
between-group crossing attempts resulted in cyst formation.
Homothallism was not observed in any of the strains examined.
Besides the A and B mating groups, which were comparable to the
groups expected in a simple (+) and (!) mating system, and group
C (not compatible with groups A and B), groups D and E (strains
CERES8 and K7, respectively) were compatible with all other
strains. There were significant differences (ANOVA, F = 14.13,
p < 0.05) in compatibility index (CIs), reproductive compatibility
(RCs) and average vigour (AVs) among strains (Fig. 5B). The
resulting RCs showed high compatibility among northern (Los
Lagos) and southern (Magallanes) isolates but low RCs among

central isolates (Southern Aysén). No association between isolation
technique (from cysts or vegetative cells) or isolation date and RCs
values was observed among the strains.

The LSU-rDNA and rDNA-ITS sequences of strains used in
mating compatibility experiments were identical, and confirmed
that all strains belonged to Alexandrium tamarense/catenella group
1, and were similar or identical to one of two distinct group I rDNA-
ITS sequence types of Aguilera-Belmonte et al. (2011) (Fig. 6A). Test
of differences in genetic diversity based on AFLP characterization
showed significant differences among 15 clonal isolates (PERMA-
NOVA, p = 0.02). The dispersion of the genetic distances was
primarily determined by the geographical origin of isolates
(PERMDISP, F = 61.483, p = 0.001). From the PERMDISP test, the
lowest dispersion value from the genetic distances was observed in
the clade comprised by strains from south Aysén (5.12 " 0.00),
followed by north Aysén strains (7.39 " 0.52). North and south
Magallanes isolates showed dispersion values of 9.58 " 0.28 and
9.27 " 0.45, respectively. These differences in genetic distances
among the three major A. catenella populations (Aysén, north and
south Magallanes) are depicted in Fig. 6B by the ordination plot from
the canonical analysis of principal coordinates. North and south

Fig. 3. Effect of salinity, temperature (8C), culture media and irradiance (mmol photon m!2 s!1) on cumulative excystment (black solid dots and lines) and standard dormancy
of the new A. catenella laboratory-produced resting cysts (boxes). (A–D): Q09 # CERES8 resting cysts. (E–H): Q09 # K7 resting cysts. Median (line within boxes) and
interquartile range (shaded area) are indicated. Letters on top of boxes represent significant differences among treatments.

Table 3
Fitted log-linear models between the categorical predictors: new-formed cyst genotype (a), environmental factors (b) and the response variable: cyst germination success (c).
(A) The comparison of the fit of model 3 and the saturated model 4 is a test of the H0 that there is no three-way interaction. (B) Hierarchical comparisons of models to test three
way interaction and conditional independence among the variables.

(A) Model Salinity Temperature Nutrients Irradiance

df G2 p G2 p G2 p G2 p

1 a # b + c # b 4 41.07 <0.001 19.59 <0.001 16.09 0.002 36.85 <0.001
2 a # c + a # b 6 3.25 0.77 15.68 0.016 31.3 <0.001 5.17 0.52
3 a # c + a # b + c # b 3 0.45 0.93 7.15 0.067 9.74 0.02 1.43 0.69
4 Saturated 0 0 1 0 1 0 1 0 1

(B) Salinity Temperature Irradiance

Term Model compared df G2 p G2 p G2 p

Three way interaction
a # b # c 3 vs 4 3 0.45 0.93 7.15 0.067 1.43 0.69
Conditional independence
b # c 2 vs 3 3 2.82 0.153 8.53 0.051 3.74 0.17
a # c 1 vs 3 1 40.62 <0.001 12.44 <0.001 35.42 <0.001

J.I. Mardones et al. / Harmful Algae 55 (2016) 238–249244
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0.52±0.00 div. day-1 at 21 and 54 days, respectively. While there was no 

significant effect of excystment medium on the Q09 x CERES8 offspring growth 

rates (ANOVA, F=1.82, p>0.05), significant differences were observed in the 

offspring of Q09 x K7 (ANOVA, F=10.08, p<0.05).   

 

 

 

 

Figure. 2.5. Growth rate of A. catenella offspring in L1 medium under 17°C in 

sterile filtered (0.22 µm), seawater at salinity of 30 at 100 µmoles photons PAR 

m-2 s-1 (cool white fluorescent lamps) under a 12:12h light:dark cycle following 

variable cyst incubation periods at different salinity, temperature, light intensity 

and nutrient concentration. (A) New-formed strain Q09 x CERES8 after cyst 

germination in nitrate-deficient L1 media (L1-N), irradiance of 50 µmoles 

photons PAR m-2 s-1, temperature of 14°C and salinity of 30; (B) new-formed 

strain Q09 x K7 after cyst germination in salinity of 30 and 25, irradiance of 100 

µmoles photons PAR m-2 s-1 and nitrate-deficient L1 media (L1-N). Vertical bars 

indicate standard deviation. 
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2.3.2.6. Mating compatibility, DNA sequencing and AFLP 

characterization 

The A. catenella-intercrossing matrix and self-crossing compatibility is presented 

in Fig. 2.6A. Based on the assumption of simple binary heterothallism (+)/(-) 

described for Japanese Alexandrium catenella (Yoshimatsu, 1984), it was 

initially attempted to categorize strains into two mating groups. This was not 

possible, and manual sorting of the crossing matrix resolved three mating groups 

(A-C) and two singletons (D, E). Crossing experiments showed that 53.3% (23 of 

45 triplicate crosses) of the total between-group crossing attempts resulted in cyst 

formation. Homothallism was not observed in any of the strains examined. 

Besides the A and B mating groups, which were comparable to the groups 

expected in a simple (+) and (-) mating system, and group C (not compatible 

with groups A and B), groups D and E (strains CERES8 and K7, respectively) 

were compatible with all other strains. There were significant differences 

(ANOVA, F=14.13, p<0.05) in compatibility index (CIs), reproductive 

compatibility (RCs) and average vigour (AVs) among strains (Fig. 2.6B). The 

resulting RCs showed high compatibility among northern (Los Lagos) and 

southern (Magallanes) isolates but low RCs among central isolates (Southern 

Aysén). No association between isolation technique (from cysts or vegetative 

cells) or isolation date and RCs values was observed among the strains.  

The LSU-rDNA and rDNA-ITS sequences of strains used in mating 

compatibility experiments were identical, and confirmed that all strains belonged 

to Alexandrium tamarense/catenella Group 1, and were similar or identical to 

one of two distinct group I rDNA-ITS sequence types of Aguilera-Belmonte et 

al. (2011) (Fig. 2.7A). Test of differences in genetic diversity based on AFLP 

characterization showed significant differences among 15 clonal isolates 

(PERMANOVA, p=0.02). The dispersion of the genetic distances was primarily 

determined by the geographical origin of isolates (PERMDISP, F=61.483, 

p=0.001). From the PERMDISP test, the lowest dispersion value from the 

genetic distances was observed in the clade comprised by strains from south 

Aysén (5.12±0.00), followed by north Aysén strains (7.39±0.52). North and 



 

 

59 

south Magallanes isolates showed dispersion values of 9.58±0.28 and 9.27±0.45, 

respectively. These differences in genetic distances among the three major A. 

catenella populations (Aysén, north and south Magallanes) are depicted in Fig. 

2.7B by the ordination plot from the canonical analysis of principal coordinates. 

North and south Magallanes strains clustered in two defined groups, while Aysén 

strains were separated into two sub-populations; north (Davis and Ceres) and 

south (Ester) Aysén. The northern Ceres isolate was the most segregated strain in 

the Aysén region. A strong positive linear correlation (r2=0.909) was observed 

between the average of the genetic distances and RCs among isolates from 

different localities (Fig. 2.7C). 

 

 

 

Figure. 2.6. (A) Gamete recognition matrix among the Chilean Alexandrium 

catenella strains used in this study. Shaded areas define the five mating groups 

A, B, C, D and E. Scoring criteria for cyst production are labelled: 0 = 

unsuccessful crosses; 1 to 4 correspond to <20, 21-100, 101-200 and >200 cysts 

mL-1, respectively; (B) Reproductive compatibility index RCs (solid black line 

and circles), Compatibility index CI (solid grey line) and Average Vigour AV 

(dotted line) of each Alexandrium catenella strain originating from along the 
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study area in the southern Chilean coast, calculated after all possible pairwise 

crosses. 

 

2.4. Discussion 

The present work investigated the role of resting cysts in the bloom dynamics of 

the toxic dinoflagellate A. catenella in Chilean waters by studying five key 

phases of its life cycle: (1) cyst production; (2) dormancy period; (3) excystment 

success; (4) germling cell viability and (5) mating compatibility. Historical 

resting cyst data in the Los Lagos/Aysén regions before and after the massive 

2009 outbreak was also compared. Hypothetical scenarios of natural connectivity 

based on a general circulation model were explored in order to determine the role 

of sexual reproduction success and genetic linkages. 

 

2.4.1. Resting cysts: Field sampling 

The abundance and distribution of A. catenella resting cysts in Los Lagos/Aysén 

regions is highly variable according to the complex hydrodynamics in Chilean 

fjords (Seguel and Sfeir 2003; Alves de Souza et al., 2008; Guzmán et al., 2010b; 

Díaz et al., 2014). Oceanographic expeditions since 1996 have shown a 

heterogeneous distribution of resting cysts with persistent low concentrations in 

sediments of the inner fjords (Fig. 2.2A). This agrees with normally low A. 

catenella vegetative cell concentrations from ~0.5 to 3 cells mL-1 in autumn-

winter to 15 to 25 cells mL-1 in spring-summer (Guzmán et al., 2010b), assuming 

that cyst abundance in this region is proportional to bloom intensity. The new 

data presented here (sampled between 2009 and 2010) again showed low cyst 

concentrations in both Los Lagos and Aysén, but exceptional high abundances of 

14,627 and 2,729 cysts cm-3 in Seno Medio and Seno Canalad (Aysén region), 

respectively (Fig. 2.2B), suggest the potential existence of more cyst beds after 

the 2009 event that might serve as inoculum for new outbreaks.  The fact that 

very few monitoring stations located between Los Lagos and Magallanes regions 

comprise fine sediments, such as clay and/or silt (Guzmán et al., 2010b), leaves 
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open the possibility that cysts produced in the inner fjords cannot remain buried 

in coarse sediments (i.e. sand and gravel) and can potentially be removed and 

transported to still unexplored offshore areas according to the surface circulation 

patterns described by Silva et al., (1998) (Figs. 2.1 and 2.2). 

 

2.4.2. In vitro cyst production 

Cyst concentrations reported in Los Lagos/Aysén fjords are low considering the 

gamete recognition success and high RC (Reproductive Compatibility) values 

estimated in this study among northern A. catenella strains. These results contrast 

with Díaz et al., (2014) who suggested that: “the abundance of resting cysts is a 

reflection of cyst production”. Excluding the low compatible mating group C 

(south Aysén), gamete recognition among all strains surveyed was 85.2% in the 

northern Aysén area.  

Considering: 

 

                                                    (5)                                                    

 

where C is vegetative cell concentration (cells mL-1); (CP/P(t)) is cyst production 

factor from in vitro experiments (0.22) and CP as the mean of cysts produced 

(283 cyst mL-1) among the northern A. catenella strains from a population P(t) of 

1280 cells mL-1 (estimated until the first planozygote recorded in vitro) and GR 

gamete recognition factor (0.85), this study estimates a cyst production from 56.4 

to >751.5 cysts mL-1 from vegetative bloom cell concentrations between 300 to 

>4000 cell mL-1 (as observed in 2009). Under a short-term “non-losses” scenario 

(advection, predation and germination), this cyst biomass would be expected to 

settle to the ocean floor. Considering that environmental physical forcing plays 

and important role in microphytoplankton spatial distribution in the Chilean 

fjords (Paredes et al., 2014), it might be assumed that cyst dynamics follows the 

Cyst (mL�1) = C ⇤ (CP/P(t)) ⇤GR
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same patterns. This scenario is supported by the massive cysts accumulation 

detected in Seno Medio and Seno Canalad in 2010 (Fig. 2.2B) that matches one 

of the highest A. catenella cell concentrations reported for the southern fjords 

during the 2009 bloom event (Mardones et al., 2010).  

 

2.4.3. Effect of environmental factors on dormancy period 

The dormancy requirements for Alexandrium widely differ among species and 

geographical origin. Highly variable dormancy periods have been described for 

Australian (38-55 days), Spanish (5-65 days) and Japanese (97 days) populations 

(Yoshimatsu, 1984; Hallegraeff et al., 1998; Figueroa et al., 2005). Dormancy 

can also vary from deep to shallow waters (Anderson and Keafer, 1987; Matrai et 

al., 2005). Chilean A. catenella strains are genetically related to A. fundyense 

from the well-studied East and West coasts of the United States and Canada, 

allowing us to make comparisons of their life cycle strategies. The most 

comparable environments are fjord-type estuaries such as Puget Sound 

(Washington State, USA).  The precise mandatory dormancy period of these 

populations is unknown because laboratory mating crosses have not yielded 

sufficient number of cysts for germination (Moore et al., 2015). However, cyst 

germinations from natural sediment samples have estimated a mandatory 

dormancy up to 5 months (Tobin and Horner, 2011). Mating crosses in this study 

were prolific (except for south Aysén strains), allowing us to generate robust 

dormancy estimates with the standard dormancy being a period between 100 and 

133 days, and a minimum dormancy of 69 days. The shorter mandatory 

dormancy may have no significant advantage if bloom window is short and 

highly seasonal. Shorter dormancy, however, can perhaps allows more rapid 

recycling of the seed population, for example, opportunity to re-seed blooms if 

there are multiple bloom windows in each seasonal cycle or perhaps an 

adaptation to a more stable environment that has a broader, less season-driven 

window for Alexandrium.  

 



 

 

63 

2.4.4. Influence of environmental factors on excystment success 

Although germination was successful in the present experiments, excystment 

rates in laboratory-produced resting cysts were low (<60% across all trials). 

Possible causes for the impaired cyst germination among Chilean strains include 

the existence of an endogenous clock (Anderson and Keafer, 1987) and 

secondary dormancy (Ní Rathaille and Raine, 2011). The first mechanism 

produces an annual oscillation in excystment potential under constant 

environmental conditions and the second mechanism prevents cyst germination 

when environmental conditions are favourable for excystment but not for 

survival of offspring. It is more likely that maturation of resting cysts was 

impaired under the laboratory conditions, which were unavoidably different from 

those in nature. The putative role of Alexandrium cysts is to remain dormant on 

the seafloor (i.e., low temperature, high salinity, low irradiance) until conditions 

are suitable for growth in the upper layers. Since this study did not allow a 

maturation period, immediately exposing cysts to different physico-chemical 

variables after cyst formation might potentially generate lower germination rates 

than under natural environmental conditions.  

Excystment response in this study was affected -in decreasing order- by high 

salinity, low irradiance, low temperature and nutrient-deplete conditions and with 

significant differences among crosses from different parental strains (Fig. 2.4). 

These environmental conditions simulate cyst germination from a near-bottom 

scenario, except for the low nutrient conditions that might be not representative 

of the impacted sediments in the proximities of salmon cages. This suggests that 

upper ocean layers with a highly variable nutrient dynamic compared to marine 

sediments might trigger/enhance Alexandrium excystment. Then nutrient 

signalling might play an important role when cysts are resuspended from the 

ocean bottom. The nutrient effect on cyst germination in this study confirms 

observations by Figueroa et al., (2005), where the % excystment of A. catenella 

was lower under nutrient replete conditions (<40%) compared to unenriched 

seawater. Further experiments must be conducted using natural Chilean cyst 

assemblages to validate these findings and to determine the existence of an 

endogenous annual clock and/or secondary dormancy.   
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2.4.5. Growth rate of A. catenella offspring 

Vegetative cells survival after excystment is a key factor in the process of 

Alexandrium bloom initiation. Results showed that viability of progeny was not 

significantly affected by parental strains or excystment treatment in terms of 

maximum growth rates (0.36 and 0.52 div. day-1) and culturability (100%), 

allowing cell to survive > 60 days in all cultures. These support the concept that 

gamete recognition, zygote germination and meiosis might represent distinct 

properties of Alexandrium (Destombe and Cembella, 1990). The high germling 

cell viability observed thus drives the successful recurrence of this species in 

Chilean fjords. 

 

2.4.6. Mating compatibility, encystment and potential genetic 

linkages 

In order to fully understand patterns of population genetics in the highly complex 

Chilean fjord system, in future a larger number of Alexandrium strains must be 

examined. Preliminary results in this study do point however to the key drivers of 

dinoflagellate population structure in this system. The strong positive correlation 

between genetic distance and RCs (Fig. 2.7C) suggests that reduced diversity can 

lead to low reproductive activity. The observed high genetic diversity in northern 

Aysén and southern Magallanes populations may be explained by a higher 

contribution of sexual reproduction from resting cysts to blooms, whereas the 

low genetic diversity observed in the southern Aysén population (Ester Is. and 

Davis Is.) may be driven predominantly by asexual reproduction. During a 

dinoflagellate bloom, advantageous genotypes can rapidly become more 

abundant within a population, decreasing diversity by selection and genotypic 

adaptation (Rynearson and Armbrust, 2000). On the other hand, massive or 

continuous germination of resting cysts during a large bloom might enhance 

genetic diversity (Alpermann et al., 2009). Thus, according to the circulation 

model by Silva et al., (1998), it is hypothesized that massive outbreaks of A. 

catenella in the Aysén region (i.e., in 2009 event) might initiate from a 
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genetically diverse offshore cyst or background vegetative population in northern 

areas and as these populations increase through vegetative growth, cells are then 

transported at depth from northwest to southeast towards the Moraleda Channel 

(Fig. 2.1A) where spatial and temporal genetic differentiation may occur rapidly 

(Dia et al., 2014), leading to highly clonal populations in southern Aysén. The 

geographical clustering observed from the AFLP analysis (Fig. 2.7B) suggests 

that the different regional populations are reproductively isolated from each 

other, potentially caused by the dominant physical oceanographic patterns along 

the southern Chilean coastline. The long residence (~10 months) of water masses 

on the southern side of the Meninea constriction-sill might play an important role 

in the isolation of the southern Aysén populations. The multiple group mating 

types observed among Chilean A. catenella strains agrees with previous research 

findings for A. tamarense (as A. excavatum; Destombe and Cembella, 1990) and 

the influence of multiple genetic factors segregating at meiosis, as suggested for 

the PST producer Gymnodinium catenatum (Blackburn et al., 2001).  

 

 

 

Figure 2.7. A) Relationship of rDNA-ITS sequences of ten Chilean A. catenella 

from this study (In bold: Acat ACCC) compared to those of strains used by 

Aguilera-Belmonte et al. (2011); B) Canonical analysis of principal coordinates 

(CAP) from a Nei’s genetic distance matrix using the A. catenella strains: 

Ceres8B, Davis5B, Davis8B (North Aysén – NA); Ester2A, Ester3A (South 

Aysén – SA); PNA1, PNA5, PNA6, PNB, PND (North Magallanes – NM); 

PS45(1), PS46(4), PSK10, PSK2, PSK4 (South Magallanes – SM); (C) Linear 
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regression between the average of Nei genetic distances (GD) derived from the 

AFLPs matrix and reproductive compatibility index (RCs) among A. catenella 

strains from Aysén (Ceres Is., Davis Is., Ester Is.), North Magallanes (NM) and 

South Magallanes (SM). Horizontal bars indicate standard deviation. 

 

2.4.7. Implications for bloom dynamics in southern fjords 

Alexandrium catenella vegetative cells normally occur in Northern Patagonia 

(Los Lagos/Aysén regions) in low concentrations. This is the most likely 

explanation for the low resting cyst detection in local sediments during the last 

decades. These conditions have cast doubts as to the precise contribution of 

resting cysts to bloom initiation and are explored in the following different 

scenarios. 

 

2.4.7.1. A. catenella blooms originating from low cyst concentrations 

This study has shown that periodic detection of low cell concentrations of A. 

catenella within the year can be explained by (1) successful cyst production; (2) 

short cyst dormancy; (3) reduced but effective cyst germination under a wide 

range of abiotic variables; and (4) high germling cell viability. These conditions 

ensure efficient planktonic and benthic coupling under different environmental 

conditions and serve as a first inoculum for a spring-summer outbreak. In order 

to try to explain the 2009 bloom event from a low cyst scenario (Fig. 2.8A), 

using a growth rate of 0.3 div. per day (~average growth rates in culture) and 20 

cysts mL-1 (>average detected in sediment samples), a simple population growth 

equation P(t)=P02gt (where P(t) is the population concentration at time t, P0 is the 

population at time zero, g is the doubling rate, and t is the time in days) indicated 

>30 days of favorable growth (with no losses and 100% germination success) 

would be necessary to reach the bloom densities and geographic coverage as 

observed in 2009. In contrast, phytoplankton monitoring programs recorded this 

massive bloom in northern Patagonia within 5 to 10 days, which suggest 
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transport of vegetative cells or cysts from other areas into the inner fjords. If the 

2009 bloom event had started from (1) overwintering vegetative cells and/or (2) 

germling cells from sparse resting cysts that can germinate year round, massive 

A. catenella outbreaks would be expected to be more common in the northern 

fjords during spring-summer. In contrast, massive outbreaks have rarely been 

recorded during the last decades or occurred with a periodicity of ~3-5 years. In 

conclusion, this scenario does not explain the episodic mass bloom event, but 

accounts for the recurrence of A. catenella in the Chilean fjords. 
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Figure. 2.8. Hypothetical scenarios of bloom development of the exceptional 

2009 A. catenella event in Chilean fjords from A) low cyst concentrations in the 

sediments; and B) from cyst beds based on parameters from this study and 

illustrating the putative role of oceanographic circulation patterns. 
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2.4.7.2. A. catenella blooms from dense cyst aggregations 

As shown in this study A. catenella is capable of producing large amounts of 

cysts under moderate vegetative cell abundances (>400 cells mL-1), but dense 

cysts are not commonly detected in the fjords. Probably, previous bloom events 

in this area (i.e. 2002, 2006) produced massive quantities of cysts that have been 

accumulated in places with particular oceanographic conditions and kept 

preserved in sediments as occurred in Seno Medio and Seno Canalad in 2010 

(Fig. 2.2B). One possibility is that the circulation patterns explained in section 

2.1. and depicted in Fig. 2.1, could have transported non-motile resting cysts 

from inshore to offshore water during many years. Since oxygen (Anderson et 

al., 1987) is a pre-requirement for excystment and a nutrient enriched ocean floor 

(Silva and Vargas, 2014) appears to reduce germination (this study), a potential 

scenario that could trigger a massive A. catenella outbreak is the occurrence of a 

regional sediment-resuspension event. 

In conclusion, the present work has shown that the existence of genetically 

different A. catenella populations along the southern Chilean coast can drive 

mating compatibility processes and subsequent resting cyst production. Overall 

high cyst production observed in pairwise crossing experiments agrees more with 

the existence of dense cyst aggregations in selected areas of the fjords than with 

the sparse cysts concentrations recorded in previous oceanographic campaigns. 

The short cyst dormancy here reported for the Chilean strains support the 

hypothesis of rapid cyst depletion from the sediments of the inner fjords. Such 

cyst dynamics, however, are not a feature for the whole region and dense cyst 

aggregations, such as those detected in 2010, may occur in different areas of the 

complex fjord system and maintain viable for many years as suggested by 

Miyazono et al., (2012). Knowledge of environmental factors affecting cyst 

germination presented in this study may allow a better understanding of the local 

processes, however, key oceanographic conditions that may lead to massive 

outbreaks remain to be investigated. 
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Toxic dinoflagellate blooms of Alexandrium 
catenella in Chilean fjords: a resilient 
winner from climate change  
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       Abstract 

Exposure of the toxigenic dinoflagellate Alexandrium catenella to variations in 

pCO2/pH, comparable to current and near-future levels observed in Southern 

Chilean fjords, revealed potential functional adaptation mechanisms. Under 

calculated conditions for pH(total scale) and pCO2 ranging from 7.73 to 8.66 and 

69.7 to 721.3 µatm, respectively, the Chilean strain Q09 presented an optimum 

growth rate and DIC uptake at near-equilibrium pCO2/pH conditions (~8.1). 

DistaLM analysis between physiologically relevant carbonate system parameters 

(CO2, HCO3
- and pH) and cellular rates (growth rate and DIC uptake) identified 

HCO3
- as the single variable explaining a significant portion of the physiological 

response, suggesting the presence of efficient carbon concentrating mechanisms 

(CCMs) in this species. Estimations of equivalent spherical diameter (ESD) and 

chain-formation index (CI) revealed reduced cell size and enhanced chain 

formation at high pH/low pCO2 conditions. Light intensity as co-factor during 

experiments (50 vs 100 µmol photons m-2 s-1) produced no effect on ESD and CI. 

Cells exposed to low light, however, had reduced cell growth and DIC uptake 

especially at high pH/ low pCO2. We suggest that A. catenella Chilean strains are 

highly adapted to spatio-temporal pCO2/pH fluctuations in Chilean fjords, pre-

adapting these strains to become a resilient winner from expected climate change 

effects. 
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       3.1. Introduction 

 

Harmful algal bloom (HAB) responses to climate scenarios of changing 

pCO2/pH conditions represent an active area of global research (Hallegraeff, 

2010). Predicted HAB responses include species-specific changes in: i) range 

expansion, ii) abundance and seasonal window of growth and iii) timing of peak 

production. Some HAB species such as the Paralytic Shellfish Toxin (PST) - 

producing dinoflagellate Alexandrium catenella that occur in highly variable 

fjord systems may have evolved special strategies to respond to a continuously 

fluctuating pCO2/pH environment. Chilean fjords between 42°S and 56°S are 

characterized by massive freshwater inputs from the Patagonian ice fields 

(Rignot et al., 2003) and strong precipitation events (Dávila et al., 2002). The 

low salinity conditions in the upper layers of the water column create strong 

haloclines/pycnoclines that isolate surface layers (undersaturated with respect to 

CO2) from the underlying CO2-rich waters (Torres et al., 2011). Strong winds 

allow for mixing of the two layers, thus promoting a highly fluctuating 

environment in terms of carbonate chemistry. Conversely, offshore waters are 

characterized by near CO2-equilibrium with the atmosphere due to the influence 

of Subantarctic Surface Water (SSW) from the south (Chapter 2).  

Alterations in pCO2/pH have previously been shown to produce notable changes 

in Alexandrium physiological responses. Tatters et al., (2013) showed that a 

clonal culture of A. catenella from coastal Southern California increased the 

production of PST toxins under high pCO2 concentrations, especially when 

combined with nutrient limitation. Mardones et al., (Chapter 4) demonstrated 

that stress by both low and high pH stimulated production of superoxide anion in 

Chilean A. catenella strains, which in synergistic action with polyunsaturated 

fatty acids promoted fish gill damage and aquaculture fish-kill events (Dorantes-

Aranda et al., 2015). Such physiological responses of Alexandrium to changes in 

pCO2/pH are thought to relate to the tight link between the autotrophic CO2 

metabolism and phycotoxin biosynthesis in many HAB species (Fu et al., 2012). 

The precise role of pCO2/pH on Alexandrium has not previously been 

documented for Chilean fjords. Furthermore, the amplitude of their seasonal and 
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diurnal fluctuations is likely to increase due to declining seawater buffer capacity 

with increasing atmospheric pCO2 (Schulz and Riebesell, 2013). Here we 

investigated the effect of seawater carbonate speciation (CO2, HCO3
-, CO3

-2 and 

pH) on growth rates, DIC uptake, cell size and chain-formation of the 

dinoflagellate A. catenella under six pCO2/pH levels and two light conditions. 

 

3.2. Methods 

 

3.2.1. Standard culture conditions 

Monoclonal cultures of the Chilean toxic dinoflagellate A. catenella (Q09) were 

obtained via in vitro controlled cyst germination in November 2008 (Quellón, 

Chiloé Island; 43.1°S, 73.4°W) and kept in culture in the Harmful Algal Culture 

Collection of the Institute for Marine and Antarctic Studies (University of 

Tasmania). The strain Q09 belongs genetically to Group 1 of the A. tamarense 

complex (Lilly et at., 2007) and more specifically, to an A. catenella Northern 

Patagonian mating group determined by mating compatibility experiments and 

Amplified Fragment Length Polymorphism (AFLP) characterization (Chapter 4). 

Cultures were grown at 12°C in sterile filtered (pore size of 0.22 µm) seawater 

(salinity of 30) at a light:dark cycle of 12:12 h, receiving 50 or 100 µmol photons 

m-2 s-1 (low light conditions are comparable to previous studies carried out by our 

laboratory – Mardones et al., 2015; 2016- and to light conditions occurring in 

fjords-brackish waters with high levels of dissolved organic matter and sediment 

particles in suspension). Macro- and micro-nutrients were added according to L1 

media (Guillard and Ryther, 1962) assuring nutrient replete conditions 

throughout the experiment. 

 

 

 



 

 

74 

3.2.2. Experimental setup 

3.2.2.1. Pre-culture 

Exponentially growing cultures of A. catenella were acclimated before the 

experiment for 2 weeks (corresponding to 6 generations) to the target seawater 

carbonate speciation (pH(total scale) ranging from 7.81 to 8.67). Seawater carbonate 

chemistry was manipulated by adding calculated amounts of HCl or NaOH 

changing total alkalinity (TA) and keeping dissolved inorganic carbon (DIC) 

constant.   

 

3.2.2.2. pH experiments 

Pre-acclimated cells of A. catenella were inoculated into sterile 270ml 

borosilicate flasks containing 260ml of seawater media adjusted to target 

carbonate chemistry conditions and subsequently closed air-tight. Initial 

carbonate chemistry was monitored by TA and DIC measurements. Experimental 

cultures were exposed to two light intensities (50 and 100 µmol photons m-2 s-1) 

with an initial cell density of 5 cells ml-1 (t0). Cultures were allowed to grow 

exponentially for 15 days, consuming less than 7% of available DIC. At the 

termination of the experiment (t1), samples were taken for DIC, TA, cell number 

and volume. Three samples for DIC from each bottle were taken carefully with a 

disposable single use syringe, avoiding air contact, and filtered through a sterile 

filter (0.2 µm pore size). Samples were closed airtight without headspace. 

Samples for TA (100ml) were sterile filtered (0.2 µm pore size) into 

polyethylene containers. DIC and TA samples were stored in the dark at 4°C and 

analysed within 20 and 40 days, respectively. 

 

3.2.3. Carbonate chemistry analysis 

Triplicate TA measurements were performed from a single sample by using the 

potentiometric titration method after Dickson (2003). DIC samples were 

analysed as the average of triplicate measurements with the infrared detection 



 

 

75 

method (Apollo SciTech, Model AS-C3) (Müller et al., 2012). DIC and TA 

values were corrected to Dickson seawater standards and repeated measurements 

of the Dickson standard resulted in a mean precision of better than 99.9% 

(1RSD, n=3) for both DIC and TA. Seawater carbonate chemistry (pCO2, HCO3
-, 

CO3
2-) was calculated from DIC, TA (mean values of start and end 

measurements (t0 and t1, respectively)), temperature and salinity using the 

program CO2sys (Pierrot et al., 2006) with dissociation constants for carbonic 

acid after Roy et al., (1993). 

 

3.2.4. Physiological response 

3.2.4.1. Cell number and volume 

Samples for cell density and volume were processed directly after sampling and 

determined as the mean of triplicate measurements using a Coulter MultisizerTM 

4 (Beckman-Coulter, Fullerton, USA). A. catenella cell volume was translated to 

an equivalent spherical diameter (ESD). Prior to each measurement, A. catenella 

samples were exposed to low temperature (4°C) for 10 min in order to reduce the 

cell swimming activity, avoiding cell accumulation at the sample-surface during 

analysis. The mean cell number was used to calculate the growth rate µ (d-1): 

                                               

                            (1) 

 

                                                                                                                                  

where c0 and c1 are the cell concentrations (cell ml-1) at the beginning (t0) and 

end (t1) of the incubation period (days).  

 

 

 

µ =
ln(c1/c0)

t1 � t0
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3.2.4.2. Dissolved inorganic carbon uptake estimates 

Experiments were carried out in a closed system and therefore, draw down of 

seawater DIC over the course of the experiment can be related to biological 

activity (mainly carbon uptake due to photosynthetic activity). Total culture 

biovolume and DIC values from the start (t0) and end (t1) of the experiments 

were used to estimate the DIC uptake as: 

                                                                               

                                                             (2) 

      

                               

where  is the dissolved inorganic carbon draw down by A. catenella at 

each treatment in pmol kg-1 µm3;  is the difference in DIC between t1 

and t0 (pmol kg-1) and  is the difference in the total biovolume of A. 

catenella (µm3) between t1 and t0.  

 

3.2.4.3 Estimation of A. catenella chain-formation  

In order to assess the chain-formation capacity of A. catenella, at least 60 

measurements of the cell length were performed under the microscope in each 

treatment, resulting in cell lengths ranging from 18 to 35 µm. Subsequently by 

using the total population-volume spectra (Coulter MultisizerTM 4), a chain-

formation index (CI) was calculated using the fraction between 18-36 µm (single 

cells) and >36 µm (chains), assuming that the shortest and smallest chain (2 

cells) corresponded to an ESD of 36 µm. The CI is presented as: 

 

 

DICuptake =
�DICt1�t0

�Vt1�t0

DICuptake

�DICt1�t0

�Vt1�t0
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                                                                                                         (3) 

 

 

where  is the volume (µm3) sorted by sizes,  the minimum volume size  

(18 µm),  the maximum volume size  (35 µm) and  the last volume size 

measured in the sampled population. CI values range from -1 (dominance of 

chains) to +1 (dominance of single cells). 

 

3.2.5. Statistics  

To explore the combined effect of pH and irradiance on growth, carbon uptake, 

cell size and the chain-formation index (CI), analysis of variance (ANOVA) from 

simple linear regression models were performed. Normality and homogeneity of 

variances were assessed by the Kolmogorov-Smirnov method and Levene’s test. 

A post hoc analysis using a Tukey HSD test was performed to determine 

differences among treatments. These analyses were performed using the software 

R v. 3.0.1 (Ihaka and Gentleman, 1996; http://www.r-project.org). Distance-

based linear modeling (DistLM) and distance-based redundancy analysis 

(dbRDA) was performed in PRIMER + PERMANOVA software package v.6 to 

identify the relationship between the response variables (growth rate and DIC 

uptake) and the predictor variables (pH, CO2, HCO3
-, CO3

-2 and DIC). A 

resemblance matrix was generated from the biological response data using Bray-

Curtis similarity; environmental predictor parameters were normalized and a 

resemblance matrix was generated using Euclidean distance. The null hypothesis 

(no difference in responses) was rejected in all statistical analyses if the 

respective p-value was <0.05. 
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3.3. Results 

 

3.3.1. Carbonate chemistry 

Carbonate chemistry manipulations by adding HCl/NaOH resulted in an 

alkalinity range from 1823±0 to 2284±11 µmol kg-1 at a constant DIC 

concentration of 1764±7 µmol kg-1. The calculated conditions for pH(total scale) and 

pCO2 ranged from 7.73 to 8.66 and 69.7 to 721.3 µatm, respectively. Mean 

values of the carbonate chemistry parameters are listed in Table 3.1. 

 

Table 3.1. Average values of measured (TA and DIC) and calculated (pH and 

pCO2) carbonate chemistry parameters between t0 and t1 under two light 

intensities. Standard deviation (SD) retrieves the variations between initial and 

final experimental conditions. 

 

 

 

 

 

 

! ! pH TA (µmol kg-1) DIC (µmol kg-1) pCO2 (µatm) 
Light (µmol 

photons m-2 s-1) Treatments mean+SD mean+SD mean+SD mean+SD 

50 

1 7.81 + 0.07 1833 +  3 1756 + 17 590 + 105 
2 8.01 + 0.09 1879 +  4 1741 + 34 369 + 83 
3 8.17 + 0.09 1937 + 10 1734 + 47 250 + 62 
4 8.27 + 0.01 2010 +  7 1757 + 11 195 + 5 
5 8.44 + 0.01 2119 + 4 1751 +  4 120 + 0 
6 8.63 + 0.04 2283 + 1 1750 +  1 69 + 0 

100 

1 7.96 + 0.29 1841 + 15 1712  +  82 455 + 314 
2 8.12 + 0.29 1888 +  9 1700  + 107 313 + 220 
3 8.25 + 0.20 1948 +  15 1703 + 90 211  + 112 
4 8.32 + 0.08 2015 +  0 1733 + 51 171 + 47 
5 8.49 + 0.08 2122 +  0 1728 + 52 108 + 27 
6 8.67 + 0.02 2262 + 1 1727 + 38 67 + 5 

!
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3.3.2. A. catenella physiological response 

 

3.3.2.1. Growth rate and DIC uptake 

The responses of A. catenella to changes in pH at two light intensities were 

significantly different in terms of growth rate (ANOVApH, df=5, p<0.001; 

ANOVALight, df=1, p<0.001) and DIC uptake (ANOVApH, df=5, p<0.001; 

ANOVALight, df=1, p<0.001). At 50 µmol photons m-2 s-1, growth rate varied 

from 0.23±0.01 to 0.28±0.02 div. day-1 with optimal growth at pH 8.01±0.09, 

while at 100 µmol photons m-2 s-1 growth rate was higher, varying between 

0.27±0.00 and 0.34±0.00 per day, with a maximum value registered at pH 

8.12±0.29. The calculated carbon consumption showed maximum values at pH 

8.17±0.09 and pH 7.96±0.29 at 50 and 100 µmol photons m-2 s-1, respectively 

(Table 3.2). The maximum values of growth rate and DIC uptake observed at pH 

values near-equilibrium were strongly related to total cell volume (Fig. 3.1A) and 

to high uptake values of HCO3
- in both light treatments (Fig. 3.1C).  
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Figure 3.1. A. catenella physiological response under different pH at two light 

intensities (50 and 100 µmol photon m-2 s-1). (A) Total cell volume (µm3), (B) 

CO2 uptake (µmol kg-1) and (C) HCO3
- uptake (µmol kg-1). Symbols represent 

the mean and error bars the standard deviation from triplicate measurements. 

 

DistaLM identified HCO3
- as the unique variable that explained a significant 

portion (p=0.004) of the growth rate and DIC uptake among the Alexandrium 

cultures, with the first two axes explaining 65% of variation. Distance-based 

redundancy analysis revealed that cultures under both light treatments were 

similar in response to higher HCO3
- availability (Fig. 3.2). 
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Figure 3.2. Distance-based redundancy analysis. Overlayed are vectors 

representing the correlation of predictor variables and dots representing the 

response variables growth rate and DIC uptake by A. catenella cultures at 50 

(black) and 100 (grey) µmol photons m-2 s-1. 

 

3.3.2.2. Cell size and chain-forming capacity 

Changes in ESD of A. catenella were significantly influenced by pH (ANOVA, 

p=0.01 and p=0.02 at 50 and 100 µmol photons m-2 s-1, respectively) as well as 

the chain-formation index (CI) (ANOVA, p=0.03 and p=0.01 at 50 and 100 µmol 

photons m-2 s-1, respectively). Light did not induce significant differences in ESD 

and CI (ANOVA, p>0.05). As shown in Table 2, bigger cells occurred at lower 

pH, with ESD varying between 30.2±0.0 and 35.7±1.3µm (R2=0.73) at 50 µmol 

photons m-2 s-1 and between 29.0±0.8 and 35.7±1.1µm (R2=0.94) at 100 µmol 

photons m-2 s-1. CI values ranged from 0.74±0.01 to 0.36±0.09 (R2=0.91) at 50 

µmol photons m-2 s-1 and from 0.76±0.12 to 0.51±0.03 (R2=0.55) at 100 µmol 

photons m-2 s-1 (Table 3.2), showing a clear trend towards improved chain 

formation at lower pH levels. 
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Table 3.2. Physiological response of A. catenella strain Q09 to changes in pH 
and light. Estimated Spherical Diameter (ESD) is expressed as a function of cell 
volume.  

 

 

 

3.4. Discussion 

3.4.1. Carbon system manipulation 

An expected ocean acidification (OA) scenario will present changes in the 

dissolved inorganic carbon (DIC) concentration at constant total alkalinity (TA), 

whereas manipulation of the carbon system by acid/base addition (this study) 

changes the TA at a constant DIC concentration. However, biologically key 

parameters ([CO2(aq)], [HCO3
-], [CO3

2-] and [H+]) undergo similar changes by 

manipulating TA compared to manipulating DIC as shown by Schulz et al., 

(2009). Additionally, both seawater manipulations strategies have shown to 

induce similar physiological effects on coccolithophore growth rate up to pCO2 

values of 1000 µatm (Hoppe et al. 2011). While our carbonate chemistry 

manipulation strategy does not perfectly mimic ocean acidification, we consider 

! pH Growth rate             
(Div. d-1) 

DIC uptake              
(pmol kg-1µm3 ) ESD (µm) CI 

Light (µmol 
photons m-2 s-1) mean+SD mean+SD mean+SD mean+SD mean+SD 

50 

7.81 + 0.07 0.25 + 0.00 4.55 +  0.36 35.2 + 1.1 0.68+ 0.03 
8.01 + 0.09 0.28 + 0.02 5.37 +  1.45 35.4 + 0.6 0.63 + 0.05 
8.17 + 0.09 0.26 + 0.01 9.67 + 0.34 35.5 + 0.6 0.60 + 0.06 
8.27 + 0.01 0.24 + 0.01 4.93 +  0.88 34.9 + 0.6 0.62 + 0.03 
8.44 + 0.01 0.24 + 0.01 1.34 + 0.26 32.3 +  1.0 0.45 + 0.02 
8.63 + 0.04 0.23 + 0.01 0.21 + 0.07 30.2 +  1.3 0.36 + 0.09 

100 

7.96 + 0.29 0.31 + 0.00 7.17 + 0.06 35.7  +  0.1 0.56 + 0.12 
8.12 + 0.29 0.34 + 0.00 7.18 +  0.12 35.6 + 0.2 0.55 + 0.07 
8.25 + 0.20 0.33 + 0.01 8.07 +  2.93 33.4 + 0.8 0.53 + 0.10 
8.32 + 0.08 0.28 + 0.01 8.92 +  2.28 31.9 + 0.7 0.49 + 0.01 
8.49 + 0.08 0.27 + 0.01 7.21 +  1.51 31.1 + 1.5 0.45 + 0.06 
8.67 + 0.02 0.27 + 0.00 6.95 + 1.10 29.0 + 1.1 0.44 + 0.03 

!
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a possible diverging physiological effect as negligible within the here applied 

pCO2 range. 

 

3.4.2. pCO2/pH effect on growth rate and DIC acquisition 

This study demonstrated that variations in pCO2/pH can have significant effects 

on the growth rate and DIC uptake of A. catenella from Chilean fjords. Optimum 

growth and carbon acquisition rates were observed at near equilibrium pCO2/pH 

levels. These results contrast with a positive correlation observed among 

dinoflagellate abundance and pH in Korea (Yoo 1991) with enhanced growth of 

Protoceratium reticulatum under elevated pCO2 (Ratti and Giordano 2007). This 

last observation is in line with the fact that dinoflagellates use a form II Rubisco 

as their main carbon-fixing enzyme (Morse et al., 1995). This form II has a lower 

affinity and lower CO2/O2 specificity than the more common form I Rubisco 

found in most of the other eukaryotic phytoplankton (Whitney and Andrews, 

1998). Thus, some dinoflagellate species might be beneficiated in a high CO2 

scenario, while others might need sophisticated biophysical mechanisms to 

increase CO2 concentration within the cell to assure an appropriate carbon supply 

(Giordano et al., 2005). Hinga (2002) attributed the alleviation of carbon 

restrictions to the presence of efficient carbon concentrating mechanisms 

(CCMs). These CCMs increase the CO2 supply, by rapid interconversion of CO2 

and HCO3
-, mediated by the enzyme carbonic anhydrase (CA) (Giordano et al., 

2005). Evidence of carbonic anhydrase (δ-type) gene expression in A. catenella 

has been previously shown in the external face of the plasma membrane in a 

French strain isolated from Thau lagoon (Toulza et al., 2010). This fact would 

suggest that enhanced growth rate and DIC uptake at pH ~8.2 by Chilean A. 

catenella could be modulated by the presence of CA, however, the putative use 

of HCO3
- as a main carbon substrate is not in itself satisfactory evidence of CA 

activity and further in vitro studies on the activity of this enzyme in Chilean A. 

catenella remain to be conducted. The suggestion of HCO3
- as a main carbon 

substrate was stated based on the assumption that pH alterations occurred during 

the incubation because of changes in CO2/HCO3
- equilibrium after carbon uptake 
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by the A. catenella cultures. Considering that (1) the higher is the dinoflagellate 

biomass in a culture, the higher is the increment of pH due to carbon acquisition 

during photosynthesis and (2) the subsequent increment in pH relates to a 

decreasing bicarbonate concentration, the observed coupling between calculated 

HCO3
- disappearance and high A. catenella biomass, suggests an enhanced 

carbon acquisition of dinoflagellate cultures under high HCO3
- availability. This 

finding is in line with previous studies that have shown high bicarbonate uptake 

by southern ocean phytoplankton mediated the use of constitutive CCMs (Cassar 

et al., 2004). It is likely that lower growth rate and DIC uptake at decreased pH 

point to difficulties for A. catenella to maintain pH homeostasis when external 

H+ concentrations increase, which may affect energy partitioning, enzyme 

activity, membrane potential and intracellular pH (Beardall & Raven 2004, 

Riebesell 2004, Giordano et al., 2005). Conversely, at high pH the higher 

proportion of CO3
-2 is not available for Alexandrium vegetative growth. These 

suggested restrictions in carbon acquisition and pH homeostasis by A. catenella 

might be alleviated by dinoflagellate morphological adaptations as presented in 

the following section 4.3. 

 

3.4.2. Cell size and chain-formation of A. catenella under pCO2/pH 

variations 

 

Our findings demonstrate a significant cell size alteration of A. catenella under 

pCO2/pH variations with a negative correlation between ESD and increasing pH 

observed (Fig. 3.3.). Engel et al., (2008) observed similar responses in natural 

phytoplankton assemblages during experiments using low (~190), intermediate 

(~370) and high (~700µatm) pCO2 conditions, with the strongest response at low 

pCO2 observed in the abundance of small autotrophic phytoplankton. In general, 

small spherical or sufficiently near-spherical cells have a higher surface/volume 

ratio, maximizing the ability to take up required substrates that are transported 

toward the cell by diffusion (Grover, 1989). This suggests that under high 

pH/low pCO2 concentrations, A. catenella might exhibit a functional response by 
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diminishing its cell size to increase the surface/volume ratio, while at low 

pH/high CO2 conditions, bigger cells might enhance the capacity to maintain 

internal pH functions (Raven 1980, Raven & Lucas 1985). 

 

Figure 3.3. Schematic representation of functional adaptations of A. catenella in 

response to variations in pCO2/pH in cultures. 

 

Another significant response of A. catenella found in this study was its 

increasing chain-formation capacity under low pCO2/high pH conditions. Fraga 

et al., (1989) pointed out that chain formation relates directly to motility and 

swimming speed, enabling dinoflagellates to resist dispersion due to vertical 

mixing or advection, facilitating diel and nutrient-gathering migrations and 

promoting red tides in certain hydrographic environments. Chain-formation has 

been widely observed in Chilean laboratory cultures (up to ~16 cells per chain) 

and is prominent in natural Chilean field samples with chains of more than 50 

cells observed (Mardones et al., 2010). Several environmental factors can 

influence the chain formation capacity of dinoflagellates. Sullivan et al., (2003) 



 

 

86 

stated that turbulence strongly affect chain formation in A. catenella, through the 

stimulation of long chains in turbulent environments. On the other hand, it has 

been proposed that differences in chain length in laboratory culture and field 

samples in the dinoflagellate Cochlodinium polykrikoides can be chemically 

influenced by dissolved exudates of predators, with the dinoflagellates 

stimulating the chain-formation as a defense mechanism (Jiang et al., 2010). Our 

results reveal the additional effect of pCO2/pH variations as a driver for chain 

formation by Alexandrium, which is more likely related to changes in pH (or H+) 

than to concentration of carbon species.    

 

3.4.4. Effect of irradiance 

The migrating capacity of A. catenella through the water column, as well as, the 

highly dynamic hydrography in the Chilean fjords, can vertically distribute 

vegetative cells along the euphotic zone and expose them to fluctuating 

irradiance. Our results indicated that variation in light intensity (50 vs 100 µmol 

photons m-2 s-1) did not induce a significant response in terms of ESD and CI. 

However, growth rate and DIC uptake by the strain Q09 were significantly 

different between the two light treatments. Such effect of different light 

intensities on A. catenella growth rates has previously been observed in a French 

A. catenella strain (Laabir et al., 2011). However, our results underline that low 

light intensity reduces DIC uptake, especially at high pH values, where CO2 is 

scarcely available. It has been stated that irradiance influences CCMs efficiency 

in microalgae (Rost et al., 2006). If such mechanism is operating in Chilean A. 

catenella strains, lower light availability might induce a decrease in DIC 

affinities attributed to the effect of energy supply on active carbon uptake as 

previously reported by Beardall (1991) and Berman-Frank et al., (1998). This 

suggests that A. catenella might depend more on CO2 rather than HCO3
- at low 

light.  
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3.4.5. Ecological implications for Chilean fjords 

The northern Chilean coast is characterized by periodic upwelling events that 

lead to net CO2 outgassing. Conversely, the southern fjords result in high pCO2 

surface waters mainly due to the effect of acidic riverine waters (and/or low 

alkalinity waters) from glacier melting (Vargas et al., 2016). Thus, while ocean 

acidification is expected to have negative effects on some marine organisms, 

species that occur in environments with wide natural fluctuations of pCO2/pH, 

such as the Chilean fjords, might be better adapted to this expected changes in 

the aquatic ionic carbon distribution (Figure 4). Natural seawater pH levels in 

non-impacted fjords (i.e. aquaculture activities) can range from ~7.4 at near-

bottom and ~8.2 at the surface (Jantzen et al., 2013), however, areas impacted by 

organic enrichment from salmon farming and other eutrophication sources can 

reach even lower pH levels (Carroll et al., 2003; Buschmann et al., 2006; Iriarte 

et al., 2010). Moreover, aquaculture operations (mainly fish cage aquaculture) 

are rapidly increasing source of NH4
+ and urea (Bouwman et al., 2013), which 

has close implications with OA processes. With OA, NH4
+ oxidation may be 

inhibited, with resulting reduction in the injection of NO3
- into surface waters 

(Figure 4), leading to an increase in the availability of NH4
+ in near surface 

oceanic waters (Beman et al., 2011). In this putative scenario of increasing 

NH4
+/NO3

- ratio, functional groups such as dinoflagellates (i.e. A. catenella) and 

other flagellates (i.e. Pseudochattonella sp.) would be beneficiated over diatoms 

(Glibert et al., 2016), which could lead to more recurrent outbreaks of these toxic 

species in Chilean waters. Worth is to notice the unusual massive offshore A. 

catenella outbreak that occurred in summer-fall 2016 that extended its 

distribution further to the northern coast (~39° Latitude). 

Wide variations in pCO2/pH in fjord systems might strongly affect the initiation, 

development and termination of dinoflagellate blooms, as well as their pelage-

benthic life cycle coupling. High photosynthetic activity during blooms of A. 

catenella can result in elevated pH levels (>9) in the upper layers of the fjords. 

The increasing chain formation capacity, observed in this study at high pH, might 

act as a mechanism for local cell concentration (patchiness), facilitating mating 

processes for cysts formation. The incapacity by A. catenella of growing under 
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high CO3
-2 concentrations at high pH might be, together with other 

environmental factors such as nutrient limitation, a contributing factor 

controlling bloom termination in Chilean fjords. 

 

Figure 3.4. Schematic representation of a complex fjord system with (1) high 

pCO2/pH fluctuations in inshore zones mainly due to the enormous acidic fresh 

water discharge from glacier melts (Iriarte et al., 2016), (2) more stable offshore 

conditions where anthropogenic ocean acidification is a dominant environmental 

driver and (3) acidification by eutrophication due to intensive aquaculture 

performed in the Chilean fjords (Buschmann et al., 2006). Conceptual 

representations of major findings in this study and major gaps in the 

understanding of the effect of acidification on the pelagic-benthic bloom 

dynamics of A. catenella are indicated. (POP: Particulate Organic Phosphorus; 

PON: Particulate Organic Nitrogen). 

 

In conclusion, this study has shown that Chilean A. catenella exhibits optimal 

physiological performance at near-equilibrium pCO2/pH. The short-term 

physiological responses observed in this dinoflagellate suggest the existence of 

functional adaptation mechanisms in response to an extremely fluctuating 

pCO2/pH environment, which hints towards a potential resilience of A. catenella 
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to future ocean acidification scenarios. Further studies must be conducted to 

determine if future oceanic conditions (sustained increase in pCO2, putative 

increasing NH4
+/ NO3

- ratio and higher temperatures), which highly differ from 

the inner fjords, will enhance A. catenella bloom formation in offshore waters. 
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Abstract 

Outbreaks of the dinoflagellate Alexandrium catenella have caused significant 

economic losses to the salmon industry in the south of Chile. However, the 

precise ichthyotoxic mechanism by this Paralytic Shellfish Toxin (PST) – 

producing dinoflagellate remains poorly understood. The rainbow trout cell line 

RTgill-W1 assay was used to investigate fish gill damage by multiple A. 

catenella strains under different environmental conditions, and potency of whole 

cells, lysed cells and culture medium were compared. Cytotoxic potency was 

highly variable among strains and strongly correlated to dinoflagellate cell-

abundance. Lysed cells produced more gill damage than intact cells and 

supernatant, reducing gill cell viability down to 20% of controls at 4000 cells ml-

1. However, gill cells exposed to pure PST fractions (C1&C2, STX, GTX 1&4) 

exhibited only very limited loss of viability (<30%), even at cell concentrations 

equivalent to exceeding those detected in southern Chilean fjords. A. catenella 

lytic compounds rapidly (1-4 days) degraded in the light, but were pH (7-9) and 

temperature stable (17-85°C), thus arguing against the involvement of 

proteinaceous compounds. Superoxide production by Chilean dinoflagellate 

strains was as high as by the raphidophyte Chattonella marina (max. 8.67 ± 0.14 

pmol O2
- cell-1 h-1), variable among strains and enhanced by cell disruption and 

environmental stress (low nutrients, low salinity, low or high pH). Fatty acid 

profiles included high concentrations of the long-chain (≥C20) Polyunsaturated 

Fatty Acids (PUFA) – docosahexaenoic acid (DHA, 22:6ω3; 16-20% of total 

fatty acids) in addition to several other PUFA, which were highly cytotoxic 

against gill cells as a purified fraction (LC50 1.30 µg mL-1).  In addition, potency 

was enhanced 9-fold in combination with superoxide anion (LC50 0.15 µg mL-1). 

In conclusion, the present study demonstrates that fish gill damage during A. 

catenella fish-kill events in Chilean fjords cannot be explained by PST toxins, 

but can to a large extent be accounted for by the synergistic interaction between 

ROS (superoxide anion) and DHA, and potentially other PUFA, notably under 

conditions that promote cell lysis. 
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4.1. Introduction 
 

Dinoflagellates of the genus Alexandrium are among the best-studied harmful 

algal blooms (HABs), because of their production of saxitoxin and analogues 

responsible for Paralytic Shellfish Poisoning (PSP) (Hallegraeff, 1993; Anderson 

et al., 2012). Alexandrium blooms have occasionally been involved in finfish 

mortalities since the first documented case in 1984 in the Faroe Islands 

(Mortensen, 1985). Massive economic losses to the salmon industry in Canada 

(Cembella et al., 2002; Martin et al., 2006, 2008; Burridge et al., 2010) and other 

coastal areas have raised the interest of understanding its precise fish-killing 

mechanism. Chile, the second largest salmon producer in the world, has suffered 

severe economic consequences due to intense A. catenella blooms. A summer 

outbreak in 2002 off the Chiloe island (Fuentes et al., 2006) resulted in the loss 

of 1800 metric tons of salmon, and a massive bloom in 2009 (ca. 5000 cells ml-

1), that covered a wide geographical area from 46° to 43° 45’ S, was associated 

with more than $10M in losses to the Chilean salmon industry (Mardones et al., 

2010). Phytoplankton monitoring programs since 1985 have generated a 

continuous phytoplankton time series, which allowed estimating the A. catenella 

minimum cell abundance that causes mortality in caged salmon (~250 cells ml-1). 

However, salmon farmers often reported that cell abundances bear no precise 

correlation with negative impacts on salmon. This means that occasionally low 

cell concentrations can produce more severe salmon mortality than higher cell 

concentrations, implying varying ichthyotoxic potency within this species.  

The precise ichthyotoxic mechanism by this PST dinoflagellate remains poorly 

understood. Despite several finfish mortalities initially claimed to be due to PST 

(Montoya et al., 1996; Sephton et al., 2007), most current efforts have focused on 

characterising compounds with allelochemical and lytic properties from 

Alexandrium spp. (Arzul et al., 1999). It has been suggested that a protein-like 

exotoxin with a molecular weight >10 kDa was responsible for the lytic activity 

in A. taylori (Emura et al., 2004) and a most likely polysaccharide-based 

compound (about 1000 kDa) for hemolytic and cytotoxic activity in A. tamarense 

(Yamasaki et al., 2008). Most recent evidence has shown that one group of 
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allelochemicals produced by one strain of A. tamarense are large non-

proteinaceous, and probably non-polysaccharide compounds between 7 and 15 

kDa (Ma et al., 2011b). These compounds showed a specific lytic activity as a 

function of cholesterol in the membrane of target cells (Ma et al., 2011a). 

The uncertainty about the nature and potency of these compounds raises the 

possibility of other uncharacterized mechanisms unrelated to PST toxins in 

Alexandrium.  The toxic effect of HABs on fish is often tested on target 

organisms such as larval or juvenile fish. This involves special animal rearing 

facilities and cumbersome animal ethic approvals. Since fish gills are widely 

recognized as the primary target organ for ichthyotoxic compounds produced by 

fish killing algae (Deeds et al., 2006), an important advance for assessing 

chemical toxicants as well as the impact of harmful microalgae has been the 

development of a standard fish gill bioassay system (Dorantes-Aranda et al., 

2011). The advantage of this in vitro approach compared to experiments using 

whole organisms is that it allows for better control of experimental conditions by 

reducing stress responses (Lee et al., 2009). A limitation, however, is that fish 

gill cells are not necessarily representative of responses by whole fish. 

The aim of the current study was to investigate the properties of lytic compounds 

and ichthyotoxic variability among nine Chilean A. catenella strains using a fish 

gill cell line assay. Whole cell fatty acid composition of two strains was 

characterized as well as fish gill cell viability against purified PST fractions and 

polyunsaturated fatty acids (PUFA).  In addition superoxide production under 

different environmental conditions was assessed and the potential synergistic 

potency of purified DHA explored. 
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4.2. Methods 

4.2.1. Origin and maintenance of cell cultures 

4.2.1.1. A. catenella 

Monoclonal cultures of the toxic dinoflagellate A. catenella were isolated from 

the Chilean southern fjords (Table 4.1) and kept in culture in the Harmful Algal 

Culture Collection of the Institute for Marine and Antarctic Studies (University 

of Tasmania).  Cultures were grown in L1 medium (Guillard and Ryther, 1962) 

at 17°C in sterile filtered (0.22 µm) seawater (30 psu) at 100 µmol photon m-2 s-1 

(cool white fluorescent lamps) under a 12:12h light:dark cycle. 

 

Table 4.1. List of Chilean strains of Alexandrium catenella included in this study 
arranged from north to south. 

 

 

 

4.2.1.2. Cell line 

Cell line RTgill-W1, primary cultured from gill filaments of rainbow trout 

Oncorhynchus mykiss (Bols et al., 1994), was acquired from the American Type 

Culture Collection (CRL-2523, ATCC). Cells were cultured at 17°C in the dark 

in Leibovitz’s L-15 medium (L1518 Sigma), supplemented with 10% (v/v) fetal 

bovine serum (FBS, 12003C, Sigma), and an antibiotic-antimycotic solution 

Strain Region / Locality Isolated by Isolation date Isolated from 
Q09 Los Lagos / Quellón Pamela Fernández 8/10/08 Cyst 

CERES8 Aysén / Ceres Is. Andrea Zuñiga 1/04/09 Cell 
ESTER2 Aysén / Ester Is. Andrea Zuñiga 1/03/09 Cell 
ACC07 Aysén / Canal Costa Miriam Seguel 1994 Cell 

AY2 Aysén / Aysén Miriam Seguel 9/06/08 Cyst 
AY3 Aysén / Ovalada Is. Andrea Zuñiga 17/03/09 Cyst 
A1 Magallanes Norte / Pto. Eden No data No data Cell 
A4 Magallanes Norte / Pto. Eden No data No data Cell 
K7 Magallanes Sur / Canal Beagle No data No data Cell 

!
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(A5955, Sigma) containing amphotericin B (25 µg ml-1), streptomycin (10 mg 

ml-1) and penicillin (10,000 units ml-1) in 25-cm2 culture-treated flasks (3100-

025, Iwaki). 0.25% trypsin-0.02% EDTA in Hank’s balanced salt solution 

(59428C, Sigma) was used to detach cells that were grown as an adherent 

monolayer at the bottom of the flask. Subcultures were normally established 

twice per week at a ratio of 1:2 with L-15 medium renewal. 

 

4.2.2. Exposure to A. catenella 

The cytotoxicity assay with A. catenella was carried out using permeable inserts 

in multiwell microplates according to Dorantes-Aranda et al. (2011). A 

comparative assay using different microplate types suggests that plastic 

(polystyrene) plates (like the ones used in this study) are best suited for testing in 

vitro toxicity of A. catenella extracts (Dorantes-Aranda et al. unpublished). Gill 

cells from culture were detached using trypsin (59428C, Sigma) and adjusted to 

9 x 104 cell ml-1 in L-15 medium. Each lower compartment of the 96-well 

microplate Transwell® Permeable Support (CLS3381, Sigma) was filled with 

180 µL of L-15 without cells and the upper compartments (inserts) with 80 µL of 

L-15 with the detached cell suspension in quadruplicate. During 48 h at 17°C and 

in the dark, gill cells were allowed to grow and achieve a confluent monolayer. 

Following the 48 h period, the upper and lower compartments were rinsed with 

PBS, and then the lower compartments were filled with 180 µL of L-15/ex 30 

salinity and the inserts containing three different A. catenella treatments. These 

treatments, whole cells, supernatant and lysed cells, were prepared from A. 

catenella cultures (Table 4.1) in the exponential growth phase at five different 

concentrations (100, 300, 1000, 2000 and 4000 cells ml-1). The whole cell 

suspension was taken directly from the culture and diluted to the expected 

concentrations. The supernatant suspension was prepared by centrifugation of 

cultures for 5 min at 3000 rpm and then diluted as needed. The lysed cell 

suspension was prepared by sonication of diluted samples for 10 min at 
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amplitude of 6 microns peak to peak at ~17°C. After exposure, the viability of 

the gill cells was measured as explained in Section 2.8.  

 

4.2.2.1. Temporal, pH and heat stability of lytic toxins 

The stability of the intracellular lytic compounds was tested on gill cells after 

exposure for different time periods, and to different pH and temperature. All 

experiments were performed using permeable inserts in multiwell microplates 

and A. catenella cultures were grown at conditions outlined in 2.1.1. Temporal 

stability was tested using supernatant and lysed algal suspensions at a 

concentration adjusted to 2000 cell ml-1 after storage for 1, 4, 8 and 15 days at 

light and dark conditions in a culture room at 17°C. For pH stability 

measurement, samples of lysed algal suspensions adjusted to 1500 cell ml-1 were 

stored in a culture room at 17°C at pH 7.0, 7.5, 8.0, 8.5 and 9.0 during 3 days in 

dark conditions. Each pH treatment was compared against controls at the same 

pH. Heat stability of a lysed algal suspension was studied after increasing the 

temperature of the samples to 17, 25, 45, 65 and 85°C in a Qualtex water bath 

(Watson Victor LTD.) for 5 min in the dark. After exposure in all treatments, the 

viability of the gill cells was measured as explained in Section 2.8. 

 

4.2.3. Toxin assay 

Pure standards of saxitoxin (NRC CRM-STX-c), gonyautoxin 1&4 (NRC CRM 

GTX1/4-c) and N-sulfocarbamate 1&2 (NRC CRM C1&2-b), were obtained 

from the National Research Council (Halifax, NS, Canada). The toxins, C1&2-b, 

STX-c and GTX1/4-c were dissolved in ~17µM acetic acid (CH3COOH), 3mM 

hydrochloric acid (HCl) and 0.003M hydrochloric acid plus 0.01 M acetic acid 

(CH3COOH+HCl), respectively.  
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4.2.3.1. Exposure to acids 

In order to determine whether the toxin preservatives in the CMR standards 

affected gill cell viability, gill cells were exposed to CH3COOH, 1x10-06M; HCl, 

3x10-04M and CH3COOH, 1x10-03M+HCl, 3x10-04M in L-15/ex 9.8% (pH~7.6 in 

all treatments). These concentrations of acid corresponded to the maximum 

concentrations expected after the dilution of the respective standard toxins. The 

exposure to acids was carried out using conventional multiwell microplates 

according to Dorantes-Aranda et al. (2011). Cultures with confluent gill cells 

were trypsinized for detachment, counted using a haemocytometer and adjusted 

to a concentration of 2 x 105 cell ml-1. Subsequently, gill cells were seeded in 

quadruplicate in 96-well flat bottom microplates (3860-096, Iwaki, Japan), using 

a volume of 100 µL per well. After 48 h at 17°C in the dark for gill cell 

attachment, L-15 medium was discarded, the cells rinsed with PBS and exposed 

to the experimental acid treatments. The exposure to acids was carried out for 6 h 

at 17°C in the dark. Viability was assessed as in Section 4.2.8., using different 

plates for each experimental condition at 1h intervals. 

 

4.2.3.2. Exposure to toxins 

The gill cells were seeded and treated as specified in Section 2.3.1. After 48 h of 

incubation at 17°C in the dark, L-15 medium was discarded, rinsed with PBS and 

gill cells exposed to PST. Stock concentrations of C1&C2 147.3 µM, STX 66.3 

µM and GTX 1&4, were diluted in L-15/ex 9.8% salinity on a logarithmic scale 

at six different concentrations ranging from 1 to 1 x 10-5 µM. Viability of the 

cells was assessed as in Section 4.2.8., using different plates at 1, 3 and 6 h 

exposure in light (100 µmol photon m-2 s-1) and dark conditions.  
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4.2.4. Production of superoxide anion by A. catenella 

Intact algal cells and lysed cultures of six strains of A. catenella were examined 

for production of superoxide anion using the method described by Godrant et al., 

(2009). Intact and lysed cells were set up in the same manner as the algal cultures 

used for exposure to gill cells. The strains K7 and ACC07 were exposed to 

different pH (7.5, 8.0 and 8.5), salinity (20, 25 and 30 psu) and nitrogen 

conditions (50, 200, 400 and 800 µM NaNO3) in sterile filtered (0.22 µm) 

seawater. Algal cultures were kept at 17°C at 100 µmol photon m-2 s-1 (cool 

white fluorescent lamps) under a 12:12h light:dark cycle. In a 96-well microplate 

(CLS3917, Sigma), 3 µL of xanthine (X7375, Sigma) at 5 mM were mixed with 

270 µL of algal culture. A volume of 3 µL of superoxide dismutase (S7571, 

Sigma) at 5 kU ⋅ L-1 was used for blank correction, and a standard curve was 

performed using three standard solutions of xanthine oxidase (X1875, Sigma) at 

0.1, 0.4 and 0.7 U ⋅ L-1. A microplate reader (FLUOstar OPTIMA, BMG 

Labtech, 413-3350 Germany) was used to monitor luminescence for 20 min after 

adding 5 µL of MCLA, 6-(4-Methoxyphenyl)-2-methyl-3,7-dihydroimidazo[1,2-

a]pyrazin-3(7H)-one hydrochloride (87787, Sigma) at 125 µM. 

 

4.2.5. Lipid extraction and analysis 

Filters containing the A. catenella cultures ACC07 and CERES8 were 

transmethylated in methanol / chloroform / hydrochloric acid (10:1:1, v/v/v) for 2 

h at 85°C. After addition of water, the mixture was extracted three times with 

hexane/chloroform (4:1, v/v) to obtain fatty acid methyl esters (FAME), which 

were concentrated under a stream of nitrogen gas. Samples were prepared to a 

known volume with the internal injection standard (19:0 FAME) solution, and 

analyzed by gas chromatography using an Agilent Technologies 7890N GC (Palo 

Alto, CA, USA) equipped with an Equity-1 cross-linked methyl siliconefused 

silica capillary column (15 m x 0.1 mm i.d.), and an FID. Helium was used as the 

carrier gas. Samples were injected by a split/splitless injector and an Agilent 
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Technologies 7683B Series autosampler in splitless mode at an oven temperature 

of 120°C. After 1 min, the oven temperature was increased to 270°C at 

10°C.min-1, then to 310°C at 5°C.min-1. FAME were identified by assessment 

against retention times of authentic and laboratory standards. Gas 

chromatography-mass spectrometry (GC-MS) analyses were performed for 

selected samples for confirmation of FAME identifications using a Finnigan 

Thermoquest GCQ GC-MS fitted with an on-column injector and using 

Thermoquest Xcalibur software (Austin, TX, USA). The GC was fitted with a 

capillary column of similar polarity to that described above. 

 

4.2.6. Gill cell response against docosahexaenoic acid (DHA) 

The commercial fatty acids cis-4,7,10,13,16,19-docosahexaenoic acid (D2534, 

Sigma; DHA) and cis-4,7,10,13,16,19-docosahexaenoic acid methyl ester 

(D2659, Sigma; DHA FAME) were tested on gill cells to assess their impact on 

cell viability. The gill cells were seeded and treated as specified previously in 

Section 2.3.1. Docosahexaenoic acid and DHA FAME were dissolved in MeOH 

at 0.01, 0.1, 1, 10 and 100 µg mL-1 and mixed with L-15/ex (salinity of 9.8) for 

the exposure assays. The final concentration of MeOH was 2% (v/v). Gill cells 

were rinsed with PBS and exposed to the fatty acid fractions for 3h at 17°C at 

100 µmol photon m-2 s-1 (cool white fluorescent lamps) and viability measured as 

in Section 2.8. 

 

4.2.7. Synergistic effect of DHA and superoxide on gill cells    

The putative toxic effect of superoxide occurring together with the fatty acids 

DHA and DHA FAME was tested on gill cells. Gill cells and fatty acid 

treatments were set as specified previously in Section 2.5. Superoxide was 

produced based on the oxidation of xanthine by the enzyme xanthine oxidase, 

and measured according to the chemiluminescence method described by Godrant 

et al., (2009). A volume of 270 µL of L-15/ex containing DHA and DHA FAME 
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at 5 different concentrations (same as above) were independently mixed with 3 

µL of 5 mM xanthine (X7375, Sigma) and 3 µL of xanthine oxidase for 

superoxide production. DHA was tested against two standard solutions of 

xanthine oxidase (X1875, Sigma) at 0.6 and 1.0 U ⋅ L-1 and DHA FAME against 

one standard at 0.6 U ⋅ L-1.  A preliminary test showed that 3 µL of xanthine was 

sufficient to maintain constant superoxide production for 3 h. A microplate 

reader (FLUOstar OPTIMA, BMG Labtech, 413-3350 Germany) was used to 

monitor the luminescence signal (as per superoxide production) for 3h after 

injection of 5 µL of 125 µM MCLA (87787, Sigma).  

 

4.2.8. Gill cell viability assays  

Gill cell viability was determined using L-15/ex medium (Schirmer et al, 1997), 

a modified version of the L-15 medium, containing 5% of the indicator dye 

alamarBlue (DAL1025, Invitrogen) (Pagé et al., 1993). The medium was added 

to all cell-seeded wells and incubated for 2 h in the dark (Dayeh et al., 2005). 

Immediately exposure was completed, the medium was discarded and cells were 

rinsed with phosphate buffer saline (PBS). Using a microplate reader (FLUOstar 

OPTIMA, BMG Labtech, 413-3350) the fluorescence of alamarBlue was 

detected with excitation and emission filters of 540 and 590 nm, respectively. 

The viability of the gill cells was expressed as response percentage of the 

treatments relative to the controls (% of control). 

 

4.2.9. Data analysis 

The response of gill cells to the different treatments was subjected to a 

multifactorial analysis of variance (ANOVA). Normality and homogeneity of 

variances were assessed by the Kolmogorov-Smirnov method and Levene’s test. 

A post-hoc analysis using a Tukey HSD test was performed to determine 

differences among treatments. The significance level of 95% (α=0.05) was 
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considered in all statistical tests. The software R v. 3.0.1 (Ihaka and Gentleman 

1996; http://www.r-project.org) was used for this statistical analysis. PRIMER 

v6 (Primer-E) was used for multivariate analysis of fatty acid data. Bray-Curtis 

similarity matrices were calculated to perform a non-parametric permutational 

multivariate analysis of variance (PERMANOVA) to test the differences 

between strains. Similarity percentage (SIMPER) tests were used to identify 

individual fatty acid contributions to average dissimilarities between strains. 

 

4.3. Results 

4.3.1. Gill cell viability after exposure to A. catenella cultures 

Alexandrium catenella exhibited significant strain variability in cytotoxicity 

towards the RTgill-W1 cells (ANOVA, df=4, p<0.01, Fig. 4.1) despite being 

grown under identical environmental conditions. Lysed cells showed a 

significant higher potency than intact dinoflagellate cells, while supernatant was 

the least cytotoxic (ANOVA, df=2, p<0.01). Cytotoxicity of lysed cells was 

strongly correlated with cell abundance. The southern strain K7 from Magallanes 

was the most toxic with an LC50 of 191 cells ml-1 and the northern strain Ester2 

from Aysén the least toxic with an LC50 of 1996 cell ml-1. 
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Figure 4.1. Concentration dependent toxicity of whole dinoflagellate cells, 

supernatants and lysed cells of five Chilean strains of Alexandrium catenella to 

the cell line RTgill-W1. Symbols represent the mean and error bars the standard 

deviation of cell viability from quadruplicate measurements. 

 

4.3.2. Effect of Paralytic Shellfish Toxins on gill cells 

Gill cells exposed to pure PST fractions (C1&C2, STX, GTX 1&4) exhibited 

only limited loss of cell viability under both light and dark exposure (Fig. 4.2). 

GTX 1&4 showed higher toxicity than C1&C2 and STX, reducing gill cell 

viability down to ~30, 20 and 10% of controls at all concentrations, respectively. 
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A control test to determine the effect of toxin preservatives (CH3COOH and 

HCl) on gill cell viability showed no significant effects during 6 h of exposure 

(ANOVA, df=5, p<0.05). 

 

 

Figure 4.2. Effect of varying concentrations of the paralytic shellfish toxins, 

C1&2-b, saxitoxin (STX) and gonyautoxins (GTX1&4-c), on gill cell viability, 

under both light (left panel) and dark conditions (right panel) at three periods of 

exposure. Gray area represents the mean of toxin equivalence in cells per 

milliliter detected in natural Alexandrium catenella blooms in Southern fjords 

(1–5000 cells mL-1) calculated based on data from Aguilera-Belmonte et al. 

(2011). 
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4.3.3. Effect of storage time, pH and temperature on stability of 

lytic toxins 

After 15 days of storage under both light and dark conditions at 17°C, the 

supernatant and lysed algal suspensions of 3 selected strains of A. catenella lost 

most of their lytic activity (ANOVA, df=2, p<0.001, Fig. 4.3). Lytic activity was 

lost more rapidly within the first 4 days in all treatments, decreasing up to 33% 

gill cell mortality compared to initial conditions. Ichthyotoxic compounds proved 

to be significantly light-sensitive (ANOVA, df=1, p<0.001). After 4 days of light 

exposure, gill cell viability remained 12.8 ± 2.5% and 22 ± 6.2% higher for 

supernatant and lysed algal suspension, respectively, compared to exposure to 

dark. Lysed algal suspension of three strains of A. catenella showed no 

significant changes in cytotoxicity on gill cell viability after storage for 3 days 

under pH conditions ranging from 7.0 - 9.0 (ANOVA, df=4, p=0.12, Table 4.2). 

Heating lysed algal suspension up to 80°C for 5 min for three strains of A. 

catenella did not influence gill cell viability (ANOVA, df=4, p=0.94, Table 4.2). 

 

Table 4.2. Viability (% of control) of gill cells after exposure against 3 strains of 

Alexandrium catenella lysed cell suspension stored for 3 days at five different pH 

conditions and after exposure against 3 strains heated at 5 different temperatures. 
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Figure 4.3. Gill cell toxicity by three strains of Alexandrium catenella 

supernatant and lysed cell suspension stored for 1, 4, 8 and 15 days at light and 

  Strains 

  Q09 ACC07 K7 

 7 82.7 ± 1.4 70 ± 1.8 56.6 ± 1.8 

 7.5 78.5 ± 2.6 67.4 ± 3.9 49.1 ± 6.0 
pH 8 83.4 ± 5.1 71 ± 2.6 49.6 ± 5.9 

 8.5 89.3 ± 2.4 69.9 ± 3.8 52.9 ± 5.8 

 9 84.5 ± 3.9 61.9 ± 5.7 59.4 ± 9.5 

     
  Q09 AY2 A1 

 17 81.7 ± 6.7 50.2 ± 1.3 57.1 ± 1.9 

 25 80.9 ± 2.1 48.4 ± 1.5 56.6 ± 4.3 
Temp. 
(°C) 45 82.1 ± 6.5 49.7 ± 4.6 57.5 ± 8.9 

 65 77.2 ± 2.6 49.5 ± 4.2 59.5 ± 1.6 

 85 80.6 ± 4.2 49.1 ± 1.7 59.3 ± 5.6 
!
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dark conditions. (A and B) strain CERES 8, (C and D) strain ACC07, and (E and 

F) strain K7. 

 

4.3.4. Production of superoxide anion (O2
-) by A. catenella 

Superoxide anion production was highly variable among the strains tested grown 

under the same environmental conditions (Fig. 4.4). Lysed cells showed 

significantly (ANOVA, p<0.05) higher rates of production of O2
- compared to 

whole cells. Superoxide production of K7 and ACC07 was largely affected by 

changes in environmental factors with stress conditions, triggering higher O2
- 

production. Nutrient deplete conditions (NaNO3 50 µM) produced a significant 

increment in the production of superoxide anion (ANOVA, df=3, p<0.05) with a 

maximum of 10.61 ± 0.27 pmol O2
- ⋅ cell-1 ⋅ h-1 compared to those produced 

under nutrient replete conditions (maximum of 0.45 ± 0.11 pmol O2
- ⋅ cell-1 ⋅ h-1 

at 800 µM NaNO3, Table 4.3). Cultures adapted to different pH also exhibited 

significant differences in superoxide anion production (ANOVA, df=2, p<0.001). 

At near-equilibrium pCO2/pH level (pH 8.0), production of O2
- by A. catenella 

strains was lower than the production at pH 7.5 and 8.5 (Table 4.3). Under 

different salinity conditions, the superoxide anion production by the A. catenella 

strains was significantly different (ANOVA, df=2, p<0.001). At low salinity, O2
- 

production was higher than at high salinity (Table 4.3). 
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Table 4.3. Production of superoxide anion (pmol O2
- cell-1 h-1) in whole and lysed 

cells by two strains of Alexandrium catenella (K7 and ACC07) under different 

nitrogen, pH and salinity levels. 

 

 

4.3.5.  Fatty acid composition 

The fatty acid profiles of Alexandrium catenella strains ACC07 and CERES8 

were dominated by PUFA followed by saturated fatty acid (SFA) and with only 

low levels of monounsaturated fatty acid (MUFA) (Table 4.4). PERMANOVA 

showed no significant difference between the FA profiles of the two strains (F = 

14.49; p = 0.33). The main fatty acids in relative abundance were in decreasing 

order palmitic (16:0), docosahexaenoic (DHA) (22:6ω3), octadecapentaenoic 

(18:5ω3) and stearidonic (18:4ω3) acids for both strains (Table 4.4). SIMPER 

showed that DHA had the highest influence on dissimilarity between the strains 

(24.38%), followed by palmitic acid (20.46%).  

 

 

 

  K7 ACC07 

  Whole Lysed Whole Lysed 

NaNO3 
(uM) 

50 5.12 ± 0.13 3.1 ± 0.24 7.29 ± 0.43 10.61 ± 0.27 
200 4.96 ± 0.08 4.57 ± 0.11 4.74 ± 0.04 5.27 ± 0.32 
400 2.8 ± 0.28 2.67 ± 0.23 0.86 ± 0.35 1.58 ± 0.52 
800 0.16 ± 0.01 0.22 ± 0.01 0.19 ± 0.02 0.45 ± 0.11 

      

pH 
7.5 5.81 ± 0.23 4.44 ± 0.08 2.18 ± 0.04 2.29 ± 0.42 
8 3.13 ± 0.32 2.52 ± 0.12 0.64 ± 0.07 0.43 ± 0.01 

8.5 4.91 ± 0.29 3.87 ± 0.35 2.95 ± 0.49 4.27 ± 0.11 

      

Sal (psu) 
20 4.59 ± 0.06 7.72 ± 0.68 3.83 ± 0.02 4.77 ± 0.21 
25 3.61 ± 0.43 4.64 ± 0.16 1.46 ± 0.15 1.92 ± 0.47 
30 0.16 ± 0.01 0.22 ± 0.01 0.19 ± 0.02 0.45 ± 0.11 

!
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4.3.6. Synergistic effect of DHA (22:6ω3) and superoxide on gill 

cells    

Gill cells response against the fatty acid forms, DHA acid methyl ester (FAME) 

and DHA free fatty acid, was significantly different (ANOVA, df=4, p<0.001). 

After 3 h exposure, DHA free fatty acid had no influence on gill cell viability at 

the lowest concentration tested (0.01 and 0.1 µg mL-1), however, viability 

decreased ~40% at 1 µg mL-1 and resulted in complete loss of viability at 

concentrations higher than 10 µg mL-1, with a LC50 of 1.30 µg mL-1 (Fig. 4.5A). 

On the other hand, concentrations of DHA FAME between 0.01 and 10 µg mL-1 

did not affect the gill cells and only a 9% of gill cell viability was lost at 100 µg 

mL-1 (Fig. 4.5B). The effect of superoxide anion on the cytotoxicity of both DHA 

and DHA FAME was highly significant (ANOVA, df=4, p<0.001). The 

synergistic interaction between superoxide (SO) and DHA (LC50 0.15 µg mL-1) 

decreased gill cell viability in ~40% even at the lowest concentrations tested 

where the purified DHA free fatty acid was not toxic (Fig. 4.5A). The two 

different concentrations of artificial superoxide (XO 0.6 and 1.0) did not show a 

significant effect on the cytotoxicity of DHA against gill cells (ANOVA, p>0.05) 

(Fig. 4.5A). Artificial superoxide generated by the xanthine oxidase system 

notably increased DHA FAME cytotoxicity by 9-fold, reducing gill cell viability 

down to 97.8 ± 5.5% and 1.7 ± 0.4% at 0.01 and 100 µg mL-1, respectively with a 

LC50 of 1.90 µg mL-1 (Fig. 4.5B). 
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Table 4.4. Fatty acid composition (as% of total fatty acids) of two Alexandrium 
catenella strains from different geographic locations. Mean + standard deviation 
of duplicate samples for each strain. 

 

Fatty acid Strains 
         ACC07        CERES8 
SFA             
14:0 7.0 ± 0.7 7.5 ± 0.3 
15:0 0.2 ± 0.1 0.1 ± 0.0 
16:0 PA 24.9 ± 0.6 21.0 ± 0.5 
17:0 0.1 ± 0.1 0.1 ± 0.0 
18:0 1.7 ± 0.6 1.2 ± 0.1 
20:0 0.1 ± 0.0 0.1 ± 0.0 
22:0 0.1 ± 0.0 0.1 ± 0.0 
24:0 0.3 ± 0.0 0.4 ± 0.0 
 
 
MUFA           
14:1 0.2 ± 0.0 0.2 ± 0.0 
16:1ω9c 0.3 ± 0.0 0.4 ± 0.0 
16:1ω7c 1.0 ± 0.1 0.9 ± 0.1 
16:1ω7t 0.0 ± 0.0 0.0 ± 0.0 
16:1ω5c 0.1 ± 0.0 0.1 ± 0.0 
16:1ω13t 0.7 ± 0.1 0.6 ± 0.0 
18:1 0.1 ± 0.0 0.0 ± 0.0 
18:1ω9c 4.5 ± 0.6 3.6 ± 0.0 
18:1ω7c 0.1 ± 0.0 0.5 ± 0.0 
18:1ω7t 0.1 ± 0.1 0.0 ± 0.0 
18:1ω5c 0.2 ± 0.0 0.2 ± 0.0 
19:1 0.0 ± 0.0 0.0 ± 0.0 
20:1ω7c 0.0 ± 0.0 0.1 ± 0.0 
 
 (PUFA)             
18:5ω3 15.6 ± 0.8 17.2 ± 0.0 
18:4ω3 11.1 ± 0.5 9.9 ± 0.1 
18:2ω6 1.7 ± 0.0 1.2 ± 0.0 
18:3ω3 6.4 ± 0.2 4.7 ± 0.0 
20:4ω6 0.0 ± 0.0 0.0 ± 0.0 
20:5ω3 3.2 ± 0.2 4.2 ± 0.0 
20:3ω6 0.0 ± 0.0 0.0 ± 0.0 
20:4ω3 0.0 ± 0.0 0.0 ± 0.0 
20:2ω6 0.0 ± 0.0 0.1 ± 0.0 
22:5ω6 0.0 ± 0.0 0.0 ± 0.0 
22:6ω3 DHA 16.0 ± 1.3 20.6 ± 0.2 
22:4ω6 0.1 ± 0.0 0.1 ± 0.0 
22:5ω3 0.4 ± 0.0 0.4 ± 0.1 

       Sum SFA 34.4 ± 2.1 30.5 ± 0.4 
Sum MUFA 7.2 ± 0.8 6.7 ± 0.0 
Sum PUFA 54.5 ± 3.0 58.5 ± 0.2 
!
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Abbreviations: SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; 
PUFA, polyunsaturated fatty acids; PA, palmitic acid (16:0); DHA, 
docosahexaenoic acid (22:6v3). 

 

4.4. Discussion 

4.4.1. Lytic activity of A. catenella  

This study experimentally demonstrated potent lytic activity of Chilean A. 

catenella strains towards the RTgill-W1 cells, generating low gill cell viability 

(down to 5-40% of controls) at ecologically realistic natural algal bloom 

concentrations (1000 – 4000 cells ml-1). Results showed a high variation in 

cytotoxicity among the 9 strains tested here, despite being cultured under 

identical environmental conditions, but with no consistent pattern related to 

geographic origin of strains. This is consistent with patterns of lytic activity 

within the genus Alexandrium, which varies among species and strains from 

different geographical locations (Tillmann et al., 2007, 2008). Cytotoxicity of 

lysed A. catenella cells was higher than that of the supernatant and whole cells. 

This finding agrees with studies on Chattonella marina and Karlodinium 

veneficum, where ruptured cells showed consistently higher toxicity than whole 

cells against RTgill-W1 cells (Mooney et al. 2010, Dorantes-Aranda et al., 2011). 

While some lytic compounds produced by A. catenella are released into the 

surrounding marine environment, the most active portion remains cell bound and 

in other work cytotoxicity markedly increased upon cell lysis, after which 

potency then rapidly vanished over a 5-10 day period. Accordingly, mitigation 

strategies that are applied in salmon farms during a bloom event, where the main 

target is to destroy the dinoflagellate cells in the water (i.e. sonication devices or 

osmotic shock by using fresh water), based on the current findings are likely to 

make things worse. 
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4.4.2. Direct exposure to Paralytic Shellfish Toxins (PST) 

The toxic mechanism of PSTs upon intraperitoneal injection or oral ingestion in 

mammals, birds and fish is well-known to be the inhibition of nerve signaling 

through blockage dependent sodium channels (Bakke and Horsberg, 2010). 

These toxins therefore have frequently been claimed as the causative agent of 

lethal and sublethal ichthyotoxiciy during Alexandrium outbreaks (Montoya et 

al., 1996, Lefebvre et al., 2005; Sephton et al., 2007). Natural fish-kill events as 

well as in vitro experiments with whole fish exposed to PST have, however, 

shown very low STX accumulation in gills, muscle, brain and other inner organs 

(i.e., stomachs <4 µg STX eq. 100 g-1 wet weight), but at the same time produced 

noticeable edema, hyperplasia and necrosis of secondary gill lamellae (Chen and 

Chou, 2001; Sephton et al., 2007; M. Godoy, unpublished data). Considering the 

low STXeq concentrations detected in killed salmon together with the fact that 

the oral median lethal dose (LD50) for STX in fish ranges between 400 and 1000 

µg STX eq. Kg-1 (White, 1981), this casts serious doubts as to the role of PST 

toxins in fish-kill events of farmed salmon when orally exposed to PSTs. Chen 

and Chou (2001) reported a putative LC50 value (24 exposure) of 870 µg STX eq. 

l-1 (from 10,256 cells ml-1 of Alexandrium minutum) for a finfish (Chanos 

chanos), based on PST toxin content in sea water rather than dinoflagellate cell 

counts. Considering that as little as 300 Alexandrium cells ml-1 have been 

reported to cause salmon mortality during Chilean outbreaks, much lower LC50 

values would be needed to explain the involvement of PSTs in ichthyotoxicity, 

considering that pelleted and supernatant material used by Chen and Chou (2001) 

also included most likely lytic toxins. Another route for PSTs acquisition in 

farmed salmon would be during the consumption of commercial feed pellets. 

This is a most unlikely scenario because: (1) the commercial pellets themselves 

do not contain PST; (2) the aggressive feeding behavior of salmon does not allow 

sufficient time for pellets to absorb toxins from the seawater, also because  (3) 

the pellets are constituted of 20-35% fish oil (Taylor et al., 2014), which is not 

conducive for the absorption of hydrophilic toxins.  
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Chilean dinoflagellate strains produce high proportions of the gonyautoxins 

GTX-4,1 and GTX-3,2 (Aguilera-Belmonte et al., 2011); and in the present study 

neither pure GTX-4,1 (the more potent fractions) nor C1&C2 or STX produced a 

significant loss of fish gill cell viability at cell concentrations equivalent to 

exceeding those in southern fjords. Because PST toxins assert toxicity via 

blockage of voltage-gate sodium channels and subsequent paralysis in nerve 

cells, it is therefore unlikely that fish gill cells would be the primary target for the 

action of these toxins. However, there could be synergistic effects if fish gill 

damage allows PST absorption and paralysis hinders gill ventilation. In 

conclusion, the present results using a fish gill cell assay as a model for 

ichthyotoxicity suggest that PST toxins play a minimal role in gill damage, 

however, the full implications of PSTs in salmon ichthyotoxicity need to be 

addressed with whole fish assays. 

 

4.4.3. Stability of lytic toxins 

Knowledge on the stability of lytic compounds produced by HAB species is an 

important prerequisite to understand their behavior in coastal environments. 

Previous work performed on a single strain of A. tamarense, showed that lytic 

activity decreased after sampling with minimal physical disturbance in the 

culture containers, but was reestablished by vigorous shaking (Ma et al., 2009). 

These observations differed from the results in this study, where after vigorous 

shaking before sub-sampling, extra- and intra cellular lytic compounds from A. 

catenella rapidly degraded with time, especially under the influence of light. It 

has similarly been shown that oxidizing agents, including air and oxygen, can 

reduce toxicity of P. parvum culture supernatant (Shilo and Aschner, 1953). In 

contrast, this study demonstrated high stability of lytic activity by lysed 

dinoflagellate cell suspension after heating at 85°C and exposure to five different 

pH, thus confirming the non-proteinaceous nature of these compounds. 
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4.4.4. Reactive Oxygen Species (ROS)  

ROS produced by HABs such as hydroxyl radical (OH), hydrogen peroxide 

(H2O2) and superoxide (O2
-), have been suggested to be key contributors to fish 

gill tissue injury in the form of epithelial lifting, cell necrosis and alteration of 

chloride cells (Yang et al., 1995; Oda et al., 1997; Marshall et al., 2001). 

However, it is now clear chemically produced ROS are not cytotoxic in its own 

right (Twiner and Trick, 2000; Fu et al., 2004; Tang et al., 2005; Mooney et al., 

2011, Dorantes-Aranda et al., 2015). The present work showed that production of 

superoxide anion was highly variable among the A. catenella strains tested, and 

increases with disruption of algal cells. A ruptured cell culture of strain K7 

reached a value of 8.67 ± 0.14 pmol O2
- cell-1 h-1 under standard culture 

conditions. Surprisingly, this value exceeded that reported by Dorantes-Aranda et 

al., (2013) for a Mexican strain of the high O2
- producer, the raphidophyte 

Chattonella marina, under standard culture conditions. Furthermore, this study 

proved that under stress conditions some strains of A. catenella can increase up 

to ~10-fold the production of superoxide anions.  

 

Figure 4.4. Production of superoxide anion in whole and lysed cells by six strains 
of Alexandrium catenella under similar environmental conditions. The error bars 
represent the standard deviation of quadruplicate wells containing the algae. 
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4.4.5. PUFA and synergistic cytotoxicity 

Generally, only autotrophic organisms are capable of biosynthesizing (ω3) and 

(ω6) polyunsaturated fatty acids (PUFA), with 18:4(ω3) and DHA often 

dominant in dinoflagellates (Dalsgaard et al., 2003). PUFA from Karenia 

mikimotoi dinoflagellates have long been associated with lytic activity and fish-

killing events (Yasumoto et al., 1990; Arzul et al., 1995; Hiraga et al., 2002). 

Among 20 lipids tested for ichthyotoxic properties against fish larvae 

(Pimephales promelas), DHA proved to be the most toxic with a LC50 of 4.7 ± 

1.3 µM (Henrikson et al., 2010). Hammann et al., (2013) reported high levels of 

DHA (10.4% of total fatty acids) in a clonal strain of A. tamarense from Scotland 

waters, but Chilean strains of A. catenella had even higher levels (16-20%). The 

exposure of gill cells for 3h to commercial DHA in free fatty acid form (FFA) 

(Fig. 4.5A), showed that this FA is toxic in its own right, reducing gill cell 

viability by ~30% at equivalent bloom cell concentrations of 4000 cell ml-1, but 

which could not explain Alexandrium cytotoxicity from in vitro cultures (~60-

95% loss of viability).  
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Figure 4.5. Exposure of gill cells to: (A) commercial DHA in free fatty acid form 

and DHA + XO (artificial superoxide production based in two standard solutions 

of xanthine oxidase XO at 0.6 and 1.0 U L-1) and (B) commercial DHA FAME 

and DHA FAME + XO (xanthine oxidase at 0.6 U L-1) at five different 

concentrations. Gray area represents the mean of DHA equivalence in cells per 

milliliter detected in natural Alexandrium catenella blooms in Southern fjords 

(100–4000 cells mL-1) calculated from fatty acid profiles of two A. catenella 

strains (Table 4.4). Solid gray line indicates LC50 values. Symbols represent the 

mean and error bars the standard deviation of cell viability from quadruplicate 

measurements. 
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The exposure of gill-cells against DHA FAME showed no cytolytic activity at 

equivalent bloom cell concentrations (Fig. 4.5B). The reason for this difference is 

that the FAME form, similar to triacylglycerol form (TAG), is protective or 

“blocking” at the COOH group end of the FA. The main form of DHA FA in the 

cells is phospholipids (PL) or glycolipids (GL), with some TAG form possibly 

occurring in stationary culture growth phase, dependent on the species and 

culture conditions. Studies of the mechanisms of chemical defense of diatoms 

have shown that the FFA form of long-chain fatty acids, such as EPA, can be 

liberated and/or produced by hydrolysis of lipids in fast reaction upon 

mechanical cell disruption (Jüttner 2001; Jüttner 2005). Cytolytic activity by 

both DHA FFA and DHA FAME against gill cells (equivalent to 4000 cells mL-

1) was significantly enhanced by the presence of superoxide anion. DHA FFA 

increased its toxicity from LC50 1.3 µg mL-1 to 0.15 µg mL-1 in synergistic 

reaction with O2
- (Fig. 4.5A) and DHA FAME from no toxicity to LC50 2.0 µg 

mL-1 (Fig. 4.5B). These results add to those of Marshall et al. (2003), where 

long-chain FA EPA toxicity from the raphidophyte Chattonella marina increased 

in conjunction with superoxide. Synergistic interactions between ROS and PUFA 

and LC-PUFA are thought to yield highly toxic lipid peroxidation products that 

cause fish mortalities (Marshall et al., 2003; Mooney et al., 2011). 

In conclusion, this study showed that Chilean strains of A. catenella are highly 

cytotoxic to trout gill cells, especially after cell rupture, however, the production 

of PST toxins and PUFA by this dinoflagellate can not explain fish gill damage 

in its own right. The high production of ROS by A. catenella under stress 

conditions may be important to understand fish-killing properties of the Chilean 

strains since blooms of this dinoflagellate occur in highly variable oceanographic 

conditions, such as those occurring in the southern Chilean coast. Thus, ROS 

may play a key role in synergistic reactions in conjunction with the LC-PUFA 

docosahexaenoic acid (DHA), and possibly other PUFA, for the massive fish-

killing events that occur in the south of Chile. 
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 Chapter 5 
 
 
Novel application of the Microelectrode Ion 
Flux Estimation technique to study fish-kills 
by harmful microalgae 
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Abstract 

A non-invasive ion selective microelectrode (MIFE) technique has become a 

powerful tool to study the adaptive response of different organisms to a wide 

number of biotic and abiotic stressors. This study pioneers the use of MIFE to 

assess changes in membrane-transport processes in fish gill cells exposed to 

harmful marine microalgae and their toxins. Net ion fluxes of H+, Ca2+ and K+ in 

the rainbow trout cell line RTgill-W1 were monitored before and after the 

addition of ruptured cells of the ichthyotoxic dinoflagellate Alexandrium 

catenella and the purified paralytic shellfish toxin (PST) analogues STX and 

GTX1&4. Significant differences in net K+ and H+ fluxes were observed after the 

challenge of gill cells with dinoflagellate cultures. However, gill cells exposed to 

PSTs only exhibited ion flux changes in H+ but no changes in K+ or Ca2+ fluxes. 

Together with our viability staining studies on gill cells, this firmly establishes 

that PSTs alone do not play an important role in fish gill damage but that other 

ichthyotoxic metabolites from Alexandrium catenella that result in net K+ efflux 

from gill cells, lead to gill cell death. The MIFE technique offers considerable 

potential to clarify the mechanisms of different marine toxins impacting on fish 

gills leading to massive fish mortalities. 

 

 

 

 

 

 

 

 

 

 

 



 

 

119 

5.1. Introduction 

 

Harmful algal blooms (HABs) have caused multi-million dollar economic losses 

to the global fish farming industry for many decades (Hoagland et al., 2002; 

Kim, 2010; Park et al., 2013). For example, fish mortality in Japan has meant 

losses of ~US$352 million between 1972 and 2012 (Itakura and Imai, 2014) and 

a recent massive HAB event in the 2016 austral summer caused ~US$800 

million in economic losses to the Chilean salmon industry, equivalent to 15 -20 

% of Chile’s total salmon production (www.reuters.com).     

Clinical fish symptoms reported after HAB events have indicated severe gill 

damage, with morphological anomalies that commonly include cellular 

hypertrophy and lysis of epithelial and chloride cells, epithelial necrosis and loss 

of secondary lamellae (Hiroishi et al., 2005; Deeds et al., 2006). These negative 

effects normally affect gill functions such as mucus excretion and vasodilation 

(Marshall et al., 2003), changes in the cardiorespiratory system (Lee et al., 2003), 

induction or decrease of enzymatic activities and osmotic distress caused by 

augmentation of branchial chloride cells (Endo et al., 1985; Tang et al., 2007) 

that might likely lead to fish death. The fact that the gills of aquatic organisms 

are multifunctional organs involved in osmoregulation, gas exchange, metabolic 

waste excretion, as well as ion uptake or extrusion, make this organ an ideal 

target to assess the effect of toxicants or pathogens in aquatic toxicology studies 

(Evans et al., 2005). 

Studies on gill function have conventionally been carried out in vivo using 

experimental animals (Lee et al., 2009), which require special animal rearing 

facilities and strict ethics approvals. On the other hand, there is a growing body 

of literature that recognizes the importance of gill cell cultures as an alternate 

model system to study the fish gill (Wood et al., 2002; Leguen et al., 2007; Lee 

et al., 2009). These cell lines derive from a complex gill epithelium that 

comprises a number of different cell types including pavement, mitochondria-

rich and mucous (goblet) cells (Wood, 2001). RTgill-W1 is an epithelial cell line 

originating from the gill explant of adult rainbow trout (Oncorhynchus mykiss) 
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(Bols et al., 1994) that has been widely used in a broad-spectrum of chemical 

toxicity testing (Bury et al., 2014), and more recently has been successfully 

applied to the study of harmful microalgae (Dorantes-Aranda et al., 2011; 2015).  

Several mechanisms have been proposed to explain fish-kills by harmful 

microalgae (Dorantes-Aranda et al., 2015), including the well-studied Paralytic 

Shellfish Toxins (PSTs) (Montoya et al., 1996). The specific toxic effect of PSTs 

on excitable cell membranes is mediated by the interaction between the 

positively charged guanidinium groups of saxitoxin (STX) with negatively 

charged carboxyl groups at site 1 of the Na+ channel (Catterall et al., 1979, 1980; 

Cestèle and Catterall, 2000). The blockage of voltage-gated sodium channels can 

result in death by cardiovascular shock and respiratory arrest in mammals (Lagos 

& Andrinolo, 2000). Based on this evidence, PSTs have been frequently claimed 

as the causative agent of lethal and sublethal ichthyotoxicity during Alexandrium 

outbreaks (Montoya et al., 1996; Lefebvre et al., 2005; Sephton et al., 2007). 

However, a recent study showed that exposure of the RTgill-W1 cell line to PSTs 

resulted in a very limited loss of cell viability even at toxin concentrations 

exceeding those detected in natural environments (Chapter 4). By contrast, high 

concentrations of the long-chain (>C20) polyunsaturated fatty acids (PUFA) – 

docosahexaenoic acid (DHA, 22:6ω3; 16–20% of total fatty acids) in addition to 

high concentrations of reactive oxygen species (ROS, measured as superoxide 

anion) produced by A. catenella, promoted gill cell lysis. An identical PUFA-

ROS synergistic mechanism has been previously described for the ichthyotoxic 

raphidophyte Chattonella (Dorantes-Aranda et al., 2013). Overall, these in vitro 

gill cell line assays have allowed a better understanding of cytotoxic potency of 

different metabolites produced by harmful algae species through the comparison 

of the gill cell viability response after toxicants exposure. However, this 

approach does not allow for analysis of the ion-flux processes that lead to 

metabolic changes and death of the gill cells.     

Little is known about the death mechanisms of fish cells relative to mammalian 

cells (Krumschnabel and Podrabsky, 2009). The RTgill-W1 cell line has been 

shown to die in reaction to cadmium by a mixture of apoptosis and necroptosis 

responses (Krumbschnabel et al., 2010). Apoptosis describes cellular suicide 
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accompanied by nuclear chromatin condensation, cytoplasmic shrinkage, nuclear 

fragmentation and blebbing of the plasma membrane (Kerr et al., 1972; Delhalle 

et al., 2003; Orrenius et al., 2011). Necroptosis is usually defined as a passive 

and un-regulated form of cell death with distinctive morphological features such 

as cell and organelle swelling, plasma membrane rupture, intracellular contents 

spillage with subsequent cell lysis and inflammatory responses (Galluzzi et al., 

2007). These cellular death mechanisms can be inferred by alterations in plasma 

membrane potential and/or ion flux modulations that are amongst the earliest 

cellular events in response to external stressors (Wood, 1999; Zimmermann et 

al., 1999; Abramowitz and Birnbaumer, 2009).  

Ion transport through the cell membrane has been historically studied using 

various chemical methods and more recently attention has focused on specific 

transporters located in the cell membrane. Methods for specific applications such 

as nuclear magnetic resonance spectroscopy, fluorescent dyes and patch clamp 

technique, have offered several advantages, but also limitations due to 

methodological restrictions and the need for advanced technical skills (Shabala et 

al., 2006). The advent of non-invasive microelectrode ion flux estimation (MIFE) 

techniques has allowed measuring net fluxes of a wide range of ions in real-time 

from different organisms, and especially from biofilms since its novel application 

on microorganisms such as bacteria or colonic epithelial cells (Shabala et al., 

2001, Shabala et al., 2013). The MIFE technique’s multi-ion capability and 

versatility might provide unique opportunities to answer specific questions 

concerning specific mechanisms that act on fish gills during harmful algal 

blooms.  

The aim of this work was to assess applicability of the MIFE technique to study 

membrane-transport processes in gill cells when exposed to harmful microalgae 

species and their toxic metabolites. The fish-killing dinoflagellate Alexandrium 

catenella, that is known to produce massive mortalities of salmon in the south of 

Chile, is explored as a model to test the effectiveness of the MIFE technique. 

Purified paralytic shellfish toxin fractions produced by Alexandrium that are 

known to act as selective sodium channel blockers in excitable cells, were also 

tested. 
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5.2. Methods 

 

5.2.1. Origin and maintenance of A. catenella cultures 

The A. catenella monoclonal cultures A1 and A4 were isolated from the Chilean 

southern fjords and kept at the Harmful Algal Culture Collection of the Institute 

for Marine and Antarctic Studies (University of Tasmania, Australia). Cultures 

were maintained in GSe medium (Blackburn et al., 1989) at 12°C in sterile 

filtered (0.22 µm), seawater (27 psu) at 100 µmol photons PAR m-2 s-1 (cool 

white fluorescent lamps) under a 12:12 h light:dark cycle. 

 

5.2.2. Gill cell cultures 

The Cell line RTgill-W1 was obtained from the American Type Culture 

Collection (CRL-2523, ATCC). Gill cells were cultured at 20°C in the dark in 

Leibovitz’s L-15 medium (L1518 Sigma), supplemented with 10% (v/v) fetal 

bovine serum (FBS, 12003C, Sigma), and an antibiotic–antimycotic solution 

(A5955, Sigma) containing amphotericin B (25 mg mL-1), streptomycin (10 mg 

mL-1) and penicillin (10,000 units mL-1) in 25-cm2 culture-treated flasks (3100-

025, Iwaki). Cell cultures that were grown as an adherent monolayer at the 

bottom of the flask were detached using 0.25% trypsin– 0.02% EDTA in Hank’s 

balanced salt solution (59428C, Sigma). Subcultures were normally established 

twice per week at a ratio of 1:2 with L-15 medium renewal. 

 

5.2.3. Tests for gill cells viability 

The effect of hydrophilic algal extracts has been previously tested on gill cell 

cultures using L-15/ex, a modified version of the L-15 culture medium, that 

allows the comparison of gill cells survival under control conditions versus 

toxicant treatments (Dorantes-Aranda et al., 2011; Chapter 4). High Ca2+ and K+ 

concentrations in L15/ex might restrict MIFE detection of ion fluxes at the 
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membrane level. A new basic solution medium with lower Ca2+ and K+ 

concentrations (hereafter called basic solution media - BSM) was therefore 

required to increase the signal to noise ratio of the flux measurements as well as 

to reduce the buffering capacity of the medium (enabling H+ fluxes 

measurements). 

 

5.2.3.1. Exposure to Basic Solution Media (BSM) 

Four different BSM preparations (Table 1) were tested on gill cells to determine 

a recipe that best mimics enhanced cell viability under the original L15/ex 

medium. The exposure to different BSM preparations was carried out using 

conventional multiwell microplates according to Dorantes-Aranda et al. (2011). 

Cultures with confluent gill cells were trypsinized for detachment, counted using 

a haemocytometer and adjusted to a concentration of 2 x 105 cell mL-1. 

Subsequently, gill cells were seeded in quadruplicate in 96-well flat bottom 

microplates (3860-096, Iwaki, Japan), using a volume of 100 µL per well. After 

48 h at 20°C in the dark for gill cell attachment, L-15 medium was discarded, the 

cells rinsed with phosphate buffer saline (PBS) and exposed to the experimental 

BSM treatments. The exposure to BSM preparations was carried out for 1, 3, 6 

and 12 h intervals at 20°C in the dark. BSM 4 mimicked the most original L15x 

media and differed from BSM 3 preparation by the presence of Mg salts (see 

Table 1). All BSMs were tested at four different pH levels (6.0; 6.5; 7.0; and 7.5) 

for 1, 3 and 6 h exposure to assess gill cell viability. It was also tested whether 

Mg2+ ions would interfere with other ions measured. A priori test showed no 

interference with other ion fluxes. Viability was assessed as in Section 2.3.2., 

using different plates for each experimental condition. 
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Table 5.1. Basic Solution Media preparations used in methodological 

experiments aimed to find best BSM composition suitable for MIFE experiments 

that would ensure high viability of gill cells.  

 

 

BSM 
1 

BSM 
2 

BSM 
3 

BSM
4 

 
(mM) 

CaCl2 0.95 0.1 0.1 0.1 

MgCl2⋅6H2O − − − 0.98 

MgSO4 − − − 0.81 

KCl 5.36 0.037 0.5 0.5 

NaCl 136.7 154.9 154.9 149.4 

D-Galactose − − 0.9 
(g/L) 

0.9 
(g/L) 

Sodium 
Pyruvate − − 0.55 

(g/L) 
0.55 
(g/L) 

 

 

5.2.3.2. Gill cell viability assay 

Gill cell viability was determined using L-15/ex medium containing 5% of the 

indicator dye alamarBlue (DAL1025, Invitrogen) (Pagé et al., 1993). The 

medium was added to all cell-seeded wells and incubated for 2 h in the dark 

(Dayeh et al., 2005). Immediately after exposure was completed, the medium 

was discarded and cells were rinsed with PBS. Using a microplate reader 

(FLUOstar OPTIMA, BMG Labtech, 413-3350) the fluorescence of alamarBlue 

was detected with excitation and emission filters of 540 and 590 nm, 

respectively. The viability of the gill cells was expressed as response percentage 

of the treatments relative to the controls. 

  

 



 

 

125 

5.2.4. Non-invasive microelectrode ion flux estimations (MIFE) 

The MIFE experimental setup is shown in Fig. 5.1. A detailed description of this 

technique is provided by Newman (2001). Microelectrodes were pulled to <1µm-

diameter tip from non-filamentous borosilicate glass capillaries (GC150-10, 

Harvard Apparatus, Kent, UK) using a vertical pipette puller (PP830, Narishige, 

Tokyo, Japan), oven-dried at 250°C overnight and silanised with 80-130 µL of 

tributylchlorosilane (90796, Sigma) to make the electrode surface hydrophobic 

(Fig. 5.1A; step 1). Under a stereomicroscope, microelectrode blanks were 

horizontally set on a three-dimensional micromanipulator for tip flattening to 

achieve a tip diameter of 2-3 µm by gently hitting the blank against a flat glass 

surface (Fig. 5.1A; step 2). Microelectrode blanks with successful tip re-sizing 

were back-filled with appropriate back-filling solutions using a syringe with a 

thin nylon needle. Immediately after back-filling, the electrode tip was front-

filled with the corresponding liquid ion exchanger (LIX) (Fig. 5.1A; step 3). 

Specific back-filling solutions and corresponding ionophore-LIXs used are given 

in Table 2. Filled electrodes were used during the same day, lasting up to 24h 

without significant changes in their characteristics. 

The MIFE system is setup around an inverted microscope that provides a total 

magnification up to 400x of the target gill cell monolayer (Fig. 5.1B). 

Microelectrode blanks were fitted into electrode holders positioned on a three-

dimensional micromanipulator. A standard non-polarizing reference electrode 

was placed alongside the ion-selective microelectrodes in the experimental 

chamber to allow ion flux estimations.  Ag/AgCl reference electrode was 

fabricated from pulled and broken glass microcapillary and filled with 1M KCl in 

2% agar. A chlorided silver wire (galvanized in commercial bleach for 1 min) 

was inserted in the microcapillary and back-side sealed with Parafilm. Ion 

electrodes were calibrated before and after measurements against a set of three 

standards with concentrations that covered the expected range of the ions to be 

measured (Table 5.2). Electrodes with correlation coefficients less than 0.999 

and with responses less than 50 mV per decade for the monovalent ions H+ and 

K+ and 25 mV per decade for the divalent ion Ca2+ were discarded (Nernst slopes 

usually above 50 and 25 mV, respectively).    
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Table 5.2. Specific details of ion-selective microelectrodes used in experiments. 

Ion 

LIX 
(Sigma 
catalogue 
no.) 

Ionophore 

Back-
filling 
solution 
(mM) 

Calibration 
set 

H+ 95297 4-Nonadecylpyridine 

15 
NaCl+ 

40 
KH2PO4 

5.40 - 5.98 - 
7.12 (pH) 

K+ 60031 Valinomycin 
200 
KCl 

250 - 500 - 
1000 (mM) 

Ca2+ 21048 
(-)-(R,R)-N,N'-(Bis(11-
ethoxycarbonyl)undecyl)-N,N'-4,5-
tetramethyl-3,6-dioxaoctanediamide 

500 
CaCl2 

100 - 200 - 
400 (mM) 

 

 

According to the MIFE principles shown in Figs. 5.1D and 5.1E, electrochemical 

potential was measured from gill cells and the net ion flux (nmol m-2 s-1) was 

calculated using the Nernst equation (Newman, (2001) for the planar geometry of 

the object in study as: 

                                      Nernst slope = (58/gz)                                               (1)                      

                              J = c u F(58/Nernst slope)(dV/dx)                                     (2) 

where c is the ion concentration (mol m-3); u is the ion mobility (m s-1 per 

Newton nmol-1); z is the ion’s valence; F is the Faraday number (96500C mol-1); 

g is the Nernst slope factor measured for electrodes during calibration; dV is the 

voltage gradient measured by the electrometer between two positions (P1 and 

P2) at a distance dx (Figs. 5.1D and 5.1E). MIFEFLUX software (University of 

Tasmania, Hobart, Australia) automatically performed calculations based on the 

planar geometry of the gill cells monolayer and provided tabulated results as net 

ion fluxes (nmol m-2 s-1). 
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Figure 5.1. Non-invasive ion flux measurement MIFE system. A) Ion selective 

microelectrode fabrication, B) Assembled MIFE system, C) Top view detailing 

reference and ion-selective microelectrodes position in the measuring chamber, 

D) Front view showing microelectrode movement in a square-wave manner 

between two positions near a dense gill cells (P1) monolayer and further away 

(P2), E) MIFE principles; if an ion is taken up by a gill cell, its concentration in 

the proximity of the cell surface is lower than that further away; vice versa: if the 

ion is extruded across the plasma membrane, its concentration in the proximity is 
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higher than further away. Electrochemical gradient dV is measured between these 

two positions (P1 at ~15-20µm and P2 at ~70-100µm) and is converted into 

concentration of ion using a calibration curve.       

 

5.2.5. Experimental setup 

 

5.2.5.1. Preparation of gill cells for MIFE measurements 

Cultures with confluent gill cells were trypsinized for detachment, counted using 

a haemocytometer and adjusted to a concentration of 2 x 105 cell mL-1. 

Subsequently, gill cells suspended in L-15 medium were seeded in individual 35 

x 10 mm culture treated petri dishes (627170, Greiner CELLSTAR®), using a 

volume of 1.5 mL per well. After 48 h at 20°C in the dark for gill cell 

attachment, gill cells covered a 100% of the petri dish bottom (~0.97 cm2). 

 

5.2.5.2. Gill cells stabilization in BSM 

After gill cell incubation (see section 5.2.5.1), L-15 medium was discarded and 

gill cells were exposed to BSM 4 at pH 5.95 and 6.51 during 120 min. Net H+, 

Ca2+ and K+ flux measurements started immediately after additions of BSM 

preparations to estimate time needed by gill cells for ion fluxes stabilization after 

replacement of L-15 culture media with BSM. Ion fluxes were measured in 

triplicate and in dark conditions. 

 

5.2.5.3. Gill cells response against toxic dinoflagellate cultures 

Whole cell suspensions of the toxic dinoflagellate A. catenella were taken 

directly from cultures in the late-exponential growth phase and diluted to 4000 

cells mL-1. A volume of 15 mL of diluted samples was centrifuged for 5 min at 

3000 rpm. After centrifugation, seawater was removed from the centrifuge tube 

and replaced with an equivalent volume of BSM. The pellet of dinoflagellate 
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cells in the bottom of the tube was re-suspended in the BSM solution and 

suspensions of lysed cells were prepared by sonication of the sample for 10 min 

at amplitude of 6µm peak to peak at ~17°C. A petri dish seeded with gill cells as 

in section 5.2.5.1, was filled with 3mL of control BSM media after removal of L-

15 medium and incubated for 1h for acclimation of gill cells. After 1h, the petri 

dish with gill cells was positioned on a microscope stage of the MIFE set-up, the 

electrodes co-focused and set ~40 µm above the gill cells, and net H+, Ca2+ and 

K+ fluxes measured under control conditions for 10 min. Following this period, 3 

mL suspension of lysed dinoflagellate cells were added to the petri dish, reaching 

a final concentration equivalent of 2000 A. catenella cells mL-1, and ion fluxes 

were monitored for a further 50 min.   

 

5.2.5.4. Effect of Paralytic Shellfish Toxins on gill cells  

Pure standards of saxitoxin (NRC CRM-STX-c) and gonyautoxin 1&4 (NRC 

CRM GTX1/4-c) were obtained from the National Research Council (Halifax, 

NS, Canada). Each toxin was dissolved in BSM at concentrations of 0.2 and 

2mM. Set up and acclimation of gill cells was conducted as section 5.2.5.2.  

After 1 h to allow acclimation of gill cells, the petri dish was set in the MIFE 

system and net H+, Ca2+ and K+ fluxes measured under control conditions for 10 

min. Following this period, 3 mL of individual toxin preparations (0.2 or 2 mM) 

were added to the petri dish, reaching a final concentration of 0.1 or 1mM, 

respectively, and ion fluxes were monitored for 50 min.   

The toxins STX-c and GTX1/4-c were dissolved in 0.003 M hydrochloric acid 

(HCl) and 0.003 M hydrochloric acid plus 0.001 M acetic acid (HCl + 

CH3COOH), respectively. In order to determine whether the toxin preservatives 

in the CMR standards affected ion fluxes from gill cells, expected acid 

concentrations after the dilution of the respective standard toxins were tested in a 

similar manner than toxins during 10 min control and 50 min treatment exposure.  
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5.2.6. Data analysis 

Gill cell viability and net ion flux responses of the gill cells to different 

treatments were analysed using ANOVA. Normality and homogeneity of 

variances were assessed by the Kolmogorov–Smirnov method and Levene’s test. 

A post hoc analysis using a Tukey HSD test was performed to determine 

differences among the treatments. The significance level of 95% (α = 0.05) was 

considered in all statistical tests. The software R v. 3.0.1 (Ihaka and Gentleman, 

1996; http://www.r-project.org) was used for this statistical analysis. 

 

5.3. Results 

 

5.3.1. Gill cell viability under different BSM preparations 

 

Response of gill cells exposed to different BSM solutions is presented in Fig. 

5.2. Gill cell viability remained constant under all BSM treatments during the 

first 6 h exposure (ANOVA, p >0.05). BSM 4 proved to be significantly the best 

preparation to maintain 100% gill cell viability during 6 h exposure (Fig. 2A; 

ANOVA, p<0.05). BSM 1 with high concentrations of KCl (similar to L15x 

media) kept gill cell viability constant up to 12 h exposure. In contrast, after 12 h 

in BSM 2 and 3 the viability was decreased by up to 20-30% compared to initial 

conditions (Fig. 5.2B). BSM 4 provided best viability of gill cells and was tested 

at four different pH preparations (from pH 6.0 to 7.5 with 0.5 pH unit increment, 

Fig. 5.2A); no significant differences were observed between 1, 3 and 6 h 

exposures (ANOVA, p>0.05). Since gill cells showed loss in viability against 

harmful microalgae and their toxic metabolites in the first 1 to 3 h exposure, 

survival of gill cells in BSM 4 at 12h exposure was not pursued.  
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Figure 5.2. Gill cell viability in response to four different BSM preparations. A) 

BSM 4 prepared at four different pH and tested on gill cells at 1, 3 and 6 h 

exposure; and B) BSM preparations 1, 2 and 3 tested on gill cells at 1, 3, 6 and 

12 h exposure. Symbols represent the mean and error bars represent the standard 

deviation of cell viability from quadruplicate measurements. 

 

5.3.2. Stabilization of gill cells in BSM solution 

After L15 media replacement, gill cells exposed to BSM 4 prepared at two 

different pH (5.95 and 6.51), did not show significant differences in net K+ and 

Ca2+ fluxes during 120 min of measurement (Fig. 5.3A-B; ANOVA, p>0.05). 

Conversely, net H+ fluxes showed significant differences in both pH treatments 

along the 120 min exposure (ANOVA, p<0.001). Gill cells exposed to BSM 4 

pH 5.95 reached a net H+ influx peak of 1.37+0.3 nmol m-2 s-1 at 4 min exposure, 

decreasing influx progressively and reaching stability after ~30 min (Fig. 5.3C). 

BSM 4 pH 6.51 did also produce net H+ influx in gill cells but of much lower 

magnitude and faster stabilization time. 
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Figure 5.3. Net K+, Ca2+ and H+ flux stabilization in gill cells after replacement 

of L15 media (grey columns) with BSM 4 preparation at pH 5.95 and 6.51. 

Symbols represent the mean and error bars of the standard error of net ion fluxes 

from triplicate measurements. For all MIFE measurements, the sign convention 

is “influx positive and efflux negative”. SS= steady state. 
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5.3.3. Gill cell ion flux response against A. catenella cultures   

The addition of A. catenella cultures at 2000 cells mL-1 caused significant 

changes in net K+ and H+ fluxes from gill cells (ANOVA, p<0.001), while net 

Ca2+ fluxes were not significantly affected (ANOVA, p>0.05) (Fig. 5.4). Peak 

values of K+ efflux and H+ influx were reached within a few minutes of stress 

onset (Fig. 5.4A) and were significantly different between the two A. catenella 

strain treatments. Treatment using the A1 dinoflagellate strain reached a higher 

K+ efflux peak (-317.24+11.1 nmol m-2 s-1) and a faster gradual flux recovery 

from gill cells than treatment with A4 strain (-254.31+5.0 nmol m-2 s-1), but 

steady-state values were reached simultaneously in both dinoflagellate treatments 

after ~40 min exposure. 
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Figure 5.4. Kinetics of net K+, Ca2+ and H+ flux responses from gill cells to 

addition of two A. catenella cell-lysed culture strains A1 and A4. Time between 

0 and 10 min shows initial pre-treatment fluxes. Cultures of dinoflagellates were 

added at 10 min. Symbols represent the mean and error bars show the standard 

error of net ion fluxes (n=4). 
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On the other hand, peak H+ influx from gill cells was ~20-fold higher in the A4 

(9.63.24+0.06 nmol m-2 s-1) dinoflagellate treatment compared with A1 strain 

(0.77+0.00 nmol m-2 s-1). No steady-state in H+ fluxes were reached in neither 

dinoflagellate treatments and kinetics remained positive and in a gradual 

recovery after 50 min exposure (Fig. 5.4C).   

 

5.3.4. Gill cell ion flux response against Paralytic Shellfish Toxins 

(PST) 

A control test to determine the effect of the toxin preservatives HCl and 

CH3COOH on net ion fluxes from gill cells showed no significant effects of the 

chemicals on ion fluxes measured. This can be seen when the first 10 min of 

control exposure (CT) is compared with 10 min after exposure to acids (AT) and 

the last 10 min of exposure in the steady-state phase (SS) as shown in Fig 5.5 

(ANOVA, p>0.05). Net ion flux values in CT, AT and SS ranged from 1.9 to 

3.64, -0.17 to 0.38 and -0.05 to 0.02 nmol m-2 s-1 for K+, Ca2+ and H+, 

respectively (Fig. 5.5).  

The addition of the Paralytic Shellfish Toxin fractions STX and GTX1&4 caused 

significant net H+ influx into gill cells (ANOVA, p<0.001), while net K+ and 

Ca2+ fluxes were not significantly affected (ANOVA, p>0.05) (Fig. 5.6). The 

magnitude of the H+ fluxes was toxin concentration-dependent and peak values 

were higher in the GTX treatment compared with STX. For STX, influx values 

reached 5.13+0.01 and 20.03+0.02 nmol m-2 s-1 at 0.1 and 1 mM and for GTX 

values reached 8.11+0.03 and 22.53+3.46 nmol m-2 s-1 at 0.1 and 1 mM, 

respectively. Gill cells treated with both STX and GTX1&4 showed a gradual 

recovery while net H+ fluxes remained positive after 50 min exposure indicating 

continuous H+ uptake by the gill cells (Fig. 5.6E-F). 
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Figure 5.5. Effect of the toxin preservatives HCl (0.09 mM) and a mix of HCl 

(0.075 mM) plus CH3COOH (0.025 mM) on net K+, Ca2+ and H+ fluxes from the 

RTgill-W1 gill cells. CT (Control Treatment): 10 min of control exposure; AT 

(Acid Treatment): 10 min measurement immediately after exposure to acids; 

and SS (Steady-State) in the last 10 min of exposure. Mean + SE (n=3). 
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Figure 5.6. Transient K+ (A-B), Ca2+ (C-D) and H+ (E-F) fluxes measured from 

gill cells in response to the paralytic shellfish toxins STX and GTX 1&4 at 0.1 

and 1mM. Control conditions were recorded at 0 to 10 min at which point 

respective toxins were added to the cells with ion flux kinetics of response being 

recorded during a further 50 min (10 to 60 min in graphs). Mean + SE (n=4). 
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5.4. Discussion 

 

5.4.1. Feasibility of using MIFE in gill cells experiments 

A key step in the development of protocols for ion flux measurements from the 

RTgill-W1 gill cell line was the establishment of a basal medium to allow 100% 

gill cell viability during experimental conditions. The basal medium phosphate 

buffered saline (PBS) (Bols et al., 1994) has been commonly used to assess the 

effect of long-term exposure (>70h) of hydrophilic toxins on gill cell viability 

(Dorantes-Aranda et al., 2015). In the present study, gill cells exposed to BSM 

media (modified from PBS) with only Ca2+, K+ and Na+ (BSM 1 and 2), resulted 

in 10 to 25% reduction of gill cell viability in the first 6 h exposure. Addition of 

sodium pyruvate and D-galactose (BSM3) did not improve cell survival . 

Supplementing the medium with Mg2+ salts (as MgCl2⋅6H2O and MgSO4), in 

concentrations similar to the original PBS (BSM4 in Table 5.1), enhanced gill 

cell viability to the level of control during 6 h exposure. This proved to be a key 

component for long-term gill cell survival. A priori MIFE tests confirmed that 

Mg2+ in BSM4 did not interfere with ion flux measurements (data not shown).  

The fact that gill cell viability in BSM4 was not affected within a broad range of 

pH (from pH 6.0 to pH 7.5), allowed setting conditions for a wide range of 

experimental scenarios. For instance, massive fish mortality is often associated 

with high microalgal biomass, which is commonly associated with increased 

water pH due to CO2 uptake by microalgae during photosynthesis (Verspagen et 

al., 2014). Bertin et al., (2014) demonstrated that increasing pH levels increases 

the toxicity of fatty acid amides and inhibits the toxicity of fatty acids on gill 

cells. Another advantage of using gill cells to test HAB toxicants in MIFE 

experiments is their short-term acclimation to BSM media (max. 30 min), even at 

different pH conditions. The pH tolerance observed in the RTgill-W1 cell line in 

this study, adds to their capability to resist hypo- and hyper-osmotic conditions 

(Lee et al., 2009), highlighting their use in a broad variety of MIFE experiments. 

 



 

 

139 

5.4.2. Effect of A. catenella dinoflagellate cultures on gill cells ion 

fluxes 

 

Fish gill damage by harmful microalgae has been successfully studied in the last 

years using gill cell lines as models (Dorantes-Aranda et al., 2015). However, the 

precise mechanisms of action of toxic metabolites that affect gill epithelia 

remains poorly understood (Bols et al., 2005).  

The differing effects on viability of the RTgill-W1 cell line after exposure to 

different strains of A. catenella (Chapter 4), match our MIFE results 

demonstrating changes in H+ and K+ fluxes in response to gill cell lines exposure 

to toxic compounds.  This confirms the highly variable cytotoxic nature of the A. 

catenella dinoflagellate strains. Gill cell response to dinoflagellate exposure 

showed strong transient K+ efflux and associated H+ influx in agreement with 

processes associated with cell death. Intensive investigation of apoptosis, or 

programmed cell death (PCD), has related cellular K+ efflux with the occurrence 

of cell shrinkage, a phenomenon known as apoptotic volume decrease (AVD) 

(Maeno et al., 2000; Valencia-Cruz et al., 2009). However, there exists no 

general agreement on whether cell shrinkage itself, the loss of K+, or the 

activation of Cl– fluxes is the crucial event in apoptosis. Krumschnabel et al., 

(2007) using staurosporine as treatment, showed that inhibition of K+ channels 

by using the inhibitor quinidine prevented AVD in the RTgill-W1 cell line, but 

not apoptosis. On the other hand, K+ channels implicated in the regulatory 

volume decrease (RVD) after, for instance, a hypotonic shock in a variety of 

cells including epithelial cells, have been reported to be Ca2+-sensitive K+ 

channels, or BK channels to be more specific (Duranton et al., 2000). According 

to the origin of the increase of Ca2+ leading to BK channel stimulation, two 

principal mechanisms have been described: Ca2+ release from internal Ca2+ stores 

(Hoffmann and Dunham, 1995) and/or an influx of external Ca2+ through stretch-

activated cation channels (Christensen, 1987). In the present study, we found that 

Ca2+ fluxes did not show significant changes after exposure to A. catenella 

cultures. We could therefore reasonably suggest that Ca2+ fluxes do not 
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participate in activation of BK channels in the RTgill-W1 cell line, and another 

group of K+ channels is activated while exposed to A. catenella toxic 

metabolites. 

 

5.4.3. Gill cells exposure to PST fractions 

Paralytic shellfish toxins can be separated into three groups based on their side 

chain chemical structure: sulfocarbamoyl, decarbamoyl, and carbamoyl toxins. 

Each group has a different binding affinity to voltage-gated sodium channel 

receptors due to side chain variability, which results in differing potencies 

(Genenah & Shimizu, 1981). The carbamoyl group, which includes saxitoxin 

(STX), neosaxitoxin (NEO) and the gonyautoxins (GTX 1&4), contains the most 

toxic compounds. The PST fractions STX, GTX1&4 and C1&C2 have been 

previously tested on gill cells showing a slight effect on cell viability even at cell 

concentrations equivalent to exceeding those detected in regular Alexandrium 

outbreaks (Chapter 4). The fact that STX and GTX1&4 did not affect K+ net 

fluxes from gill cells as opposed to what occurred in treatments using A. 

catenella cell culture preparations, strongly indicates that PST toxins are not 

involved in fish gill damage. Net K+ efflux instead might have resulted from the 

impact of other toxic metabolites from A. catenella cultures (i.e., PUFAs, ROS, 

etc) on the gill cells membranes.  

H+-ATPases in the plasma membrane of gill lamellar epithelium of the rainbow 

trout have been previously reported (Lin and Randal, 1995). Paralytic shellfish 

toxins were shown to activate the H+-ATPases in the gill cells plasma membrane 

though a net influx after the treatment onset. In the current work this net H+ 

influx was also observed in the dinoflagellate treatments, which may have been 

produced by PSTs contained within the dinoflagellate cultured cells. The fact that 

gill cells did not totally recover from net H+ influx after 50 min of exposure to 

STX and GTX1&4 treatments and did not return to pre-stress flux values, may 

explain the previously reported slight loss in gill cell viability after PSTs 

exposure (Chapter 4). We highlight that Ca2+ flux kinetics remained unaltered in 

our MIFE measurements after toxic treatments. Calcium level has shown no 
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effect on proton-ATPase activity in gill epithelium when water Na+ concentration 

is high (Lin and Randal, 1995). This suggests that high Na+ concentrations in 

BSM (NaCl 149.4 mM) during experiments had a predominant regulatory effect 

on proton pump recruitment. Considering that fish-killing events often occur in 

coastal ecosystems with highly salinity (i.e. fjords and estuaries), the effect of 

harmful algal blooms might vary in terms of net ion fluxes in fish gills with 

subsequent differing ichthyotoxic potencies.     

 

5.4.4. Conclusions and Prospects  

In the present work, the application of non-invasive ion flux measuring 

techniques to gill cell lines was successfully demonstrated to be a tool to build up 

understanding of the processes involved in fish killing events due to HABs. 

Further MIFE applications using inhibitors of specific ion transport systems will 

provide key opportunities to answer target questions concerning modes of action 

of various components of toxic metabolites of dinoflagellates. This may also help 

to clarify the fundamental question how fish cope with harmful algal bloom 

events, similar to extensive research on plant and mammalian cells under various 

environmental stressors. High temporal resolution of the MIFE technique allows 

for real-time in vivo studies of gill cells responses when exposed to harmful 

marine microalgal species and/or toxin derivatives, as well as general chemical 

toxicity testing. Measurements of several ions simultaneously and from the same 

cells enables the stoichiometry of ions to be established.  

PST fractions have previously been shown to produce insignificant loss of 

viability in gill cells (Chapter 4), and H+ influx caused by addition of STX and 

GXT1&4 to gill cells therefore may have no direct role in gill cell death. In 

striking contrast, A. catenella cell preparations caused noticeable net K+ efflux 

from gill cells. Future MIFE studies should focus on the effect of other toxic 

metabolites produced by harmful microalgae species, including polyunsaturated 

fatty acids (PUFAs), reactive oxygen species (ROS) and other chemically 

characterized toxins. 
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Conclusions  

_________________ 
 

• The role of resting cysts in the life cycle of Alexandrium catenella was 

characterized for first time for Chilean waters. This work identified key stages in 

encystment and excystment processes under in vitro conditions.  A short cyst 

dormancy period (minimum 69 days) was identified. Among the key abiotic 

factors in order of decreasing importance salinity, irradiance and temperature and 

nutrients drove cyst germination rates (up to 60% germination success) and 

germling growth rates (0.36-0.52 div/day).  Differing geographic dinoflagellate 

populations exhibited varying reproductive interbreeding capacity. This was high 

among northern and southern populations, but limited among the genetically 

differentiated central populations.  While low cysts concentrations (<221 

cysts/cm3) are found in most areas, exceptionally high cyst densities (max 14,627 

cysts/cm3) were detected in some fjords.  Two contrasting bloom origin scenarios 

were evaluated (a) Blooms originating from low cyst concentrations which 

accounts for the recurrence of A. catenella in this fjord system but does not 

explain episodic mass outbreaks; and (b) Blooms originating from possible 

localised dense cyst aggregations resuspended by particular oceanographic 

conditions. These results have improved the understanding of the pelagic-benthic 

coupling of this dinoflagellate species in the Chilean fjords. Recommendations 

for future oceanographic research to solve this riddle are provided (Chapter 2).  

 

• Similarly, the role of El Niño and future ocean warming and ocean acidification 

scenarios for Chilean A. catenella bloom dynamics deserves critical attention. 

This study reported the first assessment of the effect of ocean acidification (OA) 

on a harmful algal species in the Chilean coast. The enhanced morphological and 

physiological adaptation observed in A. catenella cultures after short-term 

exposure to variations in pCO2/pH, revealed the potential capacity of this 

dinoflagellate to overcome near future OA scenarios. This issue has important 
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consequences for the dinoflagellate distribution since its resilience may enhance 

the likelihood of further expansion towards to the northern open ocean. 

Unexpected impacts of ocean acidification scenarios on cell size and chain 

formation may modify swimming aggregation behavior and thereby mating 

success leading to cyst production (Chapter 3). 

 

• The impact of A. catenella on the Chilean salmon industry far exceeds the 

impact on the shellfish industries. Chilean dinoflagellate strains proved to be 

highly cytotoxic to the RTgill-W1 gill cell line (80% decrease in viability at 4000 

cells/mL). Critically, cell lysis is needed for ichthyotoxicity, and lytic 

compounds degraded rapidly in the light but were pH(7-9) and temperature (17-

85°C) stable. Gill cells exposed to pure PST fractions at concentrations 

equivalent to those encountered in Chilean fjords only produced minimal loss of 

viability (<30%). Chilean dinoflagellate strains were strong superoxide producers 

comparable to the ichthyotoxic raphidophyte flagellate Chattonella marina. We 

newly demonstrated that A. catenella polyunsaturated fatty acid (LC-PUFA) 

docosahexaenoic acid DHA fatty acids (16-20% of total fatty acids) were highly 

ichthyotoxic. Fish gill damage by A. catenella Chilean strains is concluded to 

result from synergistic interaction between DHA, and possibly other PUFA, and 

reactive oxygen species (ROS). The fact that the dinoflagellate’s ROS production 

increased under stress conditions is a key factor driving its fish-killing potency in 

a highly variable marine ecosystem, such as the Chilean fjords.  

 

• To confirm the ichthyotoxic principle by A. catenella secondary metabolites, 

we explored the novel application of Microelectrode Ion Flux Estimations 

(MIFE) techniques on fish gill cell membranes. The A. catenella exudates 

strongly affected net K+ fluxes, but again no role for PSTs on these ion channels 

was confirmed. Future experiments using MIFE may reveal specific pathways 

that lead to gill cell death and help us design mitigation strategies (eg. mopping 

up of ichthyotoxins by clay) for fish being challenged by A. catenella bloom 

events.  
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The present work filled critical gaps in our knowledge of A. catenella 

physiology, ecology, and ichthyotoxicity. The results have important applications 

on how the Chilean aquaculture industry can manage and mitigate against such 

harmful algal bloom events. This work is more urgent than ever in view of the 

catastrophic $800M aquaculture losses in Chile in April-May 2016. 
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Harmful Algal Blooms have produced multi-million dollar losses to the global fish 

farming industry in the last decades (Anderson et al., 2000; Hoagland et al., 2002; Imai 

et al., 2006; Kim, 2010; Park et al., 2013). Fish mortality has been often associated 

with the rapid growth of harmful microalgal species, but this noxious effect can also be 

associated with harmless species. This is due to the fact that high biomass of any type 

of phytoplankton can generate oxygen depletion in the water column at the end of a 

bloom because of bacterial degradation. However, some microalgal species can kill 

fish at low cell concentrations via high impact on the gill tissues. Two main 

mechanisms for fish gill damage by microalgae include: 1) damage due to the presence 

of penetrating and/or cutting micro-structures, and 2) due to the production of 
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ichthyotoxins. Research on this last mechanism has been an enormous scientific 

challenge, because the production of these metabolites often differ from the well-

studied paralytic, diarrheic, amnesic and neurotoxic phycotoxins.   

Ichthyotoxicity by some species, such as Karenia brevis and Karlodinium veneficum, 

has been occasionally attributed to phycotoxins such as brevetoxins and karlotoxins, 

respectively (Baden, 1989; Deed et al., 2006; Van Deventer et al., 2012). However, a 

mechanism that has been extensively studied in recent years relates to fish gill damage 

caused by the production of Polyunsaturated Fatty Acids or PUFAs (Fossat et al., 

1999; Henrikson et al., 2010; Mooney et al., 2011) and Reactive Oxygen Species or 

ROS (Oda et al., 1997; Marshall et al., 2003) by a certain microalgal species. The ROS 

such as hydroxyl radicals (OH•), superoxide anion (O2
-) and hydrogen peroxide (H2O2) 

are the result of metabolic process in aerobic cells. Thus, ROS are produced by 

microalgae during respiration and photosynthesis, and can be inhibited by specific 

photosynthesis blockers, which suggest the possibility of enhanced fish mortality 

during day light hours (Marshal et al., 2002; Dorantes-Aranda et al., 2015). On the 

other hand, PUFAs such as ω3 and ω6 are generally only synthetized by autotrophic 

organisms, with octadecatetraenoic (18:4ω3) and docosahexanoic (DHA, 22:6ω3) 

acids often dominant in dinoflagellates (Dalsgaard et al., 2003). Henrikson et al., 

(2010) tested 20 lipids against fish larvae (Pimephales promelas) to test their 

ichthyotoxic properties. This study concluded that there exists a close relation between 

the PUFA chain length and their ichthyotoxic properties, with DHA the most toxic 

PUFA with a LC50 of 4.7+1.3 µM. 

 

Use of cell lines to assess ichthyotoxins 

 

The fish gills are an essential organ in aquatic systems, because here occur vital 

process such as gas exchange, osmoregulation and ion diffusion, pH regulation and 

nitrogen balance. Thus, fish gills are ideal to assess the harmful effect of different 

toxicants or pathogens (Evans et al., 2005).    
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There exist numerous records of the harmful effects of diverse bioactive compounds 

produced by microalgal species. Fish gill damage by these toxic metabolites include 

epithelial necrosis, loss of the secondary lamellae, cellular hypertrophy and epithelial 

lysis (Hiroishi et al., 2005; Deeds et al., 2006). Juvenile fish or larval stages are 

commonly used to test the ichthyotoxic effects by microalgae; however, these 

methodologies are often problematic and costly due to the need of special fish-raring 

facilities and ethics permissions required for experimentation. An important advance to 

study ichthyotoxic compounds produced by microalgae was the advent of an in vitro 

assay based on a gill cell line (Dorantes-Aranda et al., 2011; University of Tasmania). 

This technique has proved to be a powerful tool to study the toxic effects of harmful 

microalgae and their toxic extracts (Dorantes-Aranda et al., 2015). The use of cell lines 

has the important advantage of controlling the unavoidable problems produced by 

stress in fish during experimentation (Lee et al., 2009).  

 

Ichthyotoxins produced by HAB species in Chile 

 

The noxious effects of toxic microalgae on salmon farmed in the south of Chile have 

been widely documented since the onset of the phytoplankton monitoring programs in 

1988 (Fuica et al., 2008). These events have been associated with outbreaks of the 

raphidophyte Heterosigma akashiwo and the dinoflagellates Karenia selliformis and 

Alexandrium catenella; however, despite the important economic losses to the salmon 

industry, the knowledge about these phenomena is limited, and is only based on an 

empirical relationship between phytoplankton abundance and fish mortality.  

The first study to determine the ichthyotoxic potency of a HAB specie from Chilean 

waters was recently carried out by our laboratory at the Institute for Marine and 

Antarctic Studies (Chapter 4). This study using a fish gill cell line (RTgill-W1) 

revealed that the fish gill damage produce by the dinoflagellate A. catenella is not 

related to the well-known Paralytic Shellfish Toxins (PSTs), which are highly risky for 

human health and of great impact to the shellfish industry. In contrast, purified 

fractions of these toxins (C1&C2, STX, GTX1&4) showed to have an insignificant 

cytotoxic potency. Surprisingly, A. catenella Chilean strains showed to be important 
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ROS (measured as superoxide anion: max. 8.67+0.14 pmol O2
- cell-1 h-1) and PUFA 

(docosahexaenoic acid 22:6 ω3: 16-20% of total fatty acids) producers, mainly under 

environmental stressing conditions. The synthesis of toxic by-products from the 

synergistic reaction of ROS and PUFAs, might explain the high salmon mortalities 

observed in the Chilean fjords after A. catenella blooms (Fig. 1). 

 

 

 

 

 

Figure 1. Metabolites produced by the toxic dinoflagellate Alexandrium catenella in 

the Chilean fjords and their harmful effect on fish gills, expressed as lethal 

concentration (LC50) or % of loss in gill cell viability (adapted from Chapter 4).  

 

The recent massive catastrophe suffered by the Chilean salmon industry in the summer 

2016, leaves plenty of questions and an immense scientific challenge in order to better 

understand the complex ichthyotoxic mechanisms present in the HAB species in the 

Chilean fjords. The first and most important corresponds to the correct identification of 

the bloom-causing microalgal species. Taxonomic features such as cellular size, warts 

on the cell surface, nucleus shape and wide morphological variability during different 

growth stages, have classified this causative species as belonging to the genus 
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Pseudochattonella. However, genetic analyses have not been performed yet to confirm 

these observations. Chattonella marina (Hada) Demura & Kawashi has been identified 

as the major ROS and PUFA producer (Marshall et al., 2002, 2005; Dorantes-Aranda 

et al., 2013), causing oxidative stress in organisms exposed to blooms of this 

raphidophyte (Dorantes-Aranda et al., 2015). Because Pseudochattonella belongs to 

the class Dictyochophyceae, and is not closely related to Chattonella spp. (Class 

Raphidophyceae) (Edvardsen et al., 2007; Hosoi-Tanabe et al., 2007), its ichthyotoxic 

mechanism could be different from the one described for Chattonella spp., which 

represents an important task for future studies in Chile.     

 

Mitigating fish-killing algal blooms through clay application 

 

Previous strategies to mitigate ichthyotoxic effects of harmful algal blooms have 

focused on removing cells by flocculation or destruction of the causative species 

through cell lysis via chemical, UV or sonication treatments. These approaches risk 

disruption of algal cell membrane integrity, which can greatly amplify fish-killing 

effects through the release of intracellular ichthyotoxins (Deeds et al., 2002). A more 

promising approach to mitigation has been the flocculation of harmful algal cells 

through the application of clay, a major natural constituent of marine sediments. 

Successfully employed by the South Korean government since 1996, after an extensive 

Cochlodinium polykrikoides bloom caused the loss of USD$96 M worth of caged 

yellowtail sea bream (Park et al., 2013), researchers have focused on optimising cell 

flocculation by screening several different clay types against a variety of algal species 

for cell removal. These studies revealed that removal efficiency was dependent upon 

algal species and clay type (Sengco and Anderson, 2004). Later work indicated that not 

only algal cells, but also dissolved, extracellular ichthyotoxins can be removed through 

clay application. To date, this property of clay has only been demonstrated for 

bentonite-based clays in the case of brevetoxins (Pierce et al., 2004), microcystins 

(Prochazka et al., 2013) and Prymnesium parvum ichthyotoxins (Sengco et al., 2005, 

Seger et al., 2015).  



 

 

177 

Ichthyotoxin adsorption presents itself as an important additional benefit from clay 

application, since physical contact between clay particles and algal cells has been 

demonstrated to cause cell lysis in a range of harmful algal species, ranging from 

fragile raphidophytes to armored dinoflagellates (Lee et al., 2009, Sengco et al., 2001, 

Seger et al., 2015). To completely eliminate ichthyotoxic effects, it is therefore vital to 

select clay types not solely based on algal cell removal efficiency, but also their 

ichthyotoxin adsorptive capability.  

 

 

Figure 2. Gill cell viability after 2 h exposure to lysed Prymnesium parvum and 

Karlodinium veneficum cultures treated with bentonite clay (0-0.25 g.L-1). Error bars 

represent the standard error (n=3). Adapted from Seger et al. (2015). 

 

Extensive screening of 14 different clay types against a range of ichthyotoxins 

conducted in our laboratory proved ichthyotoxin removal efficiency to be clay type and 

pH specific (Seger et al., 2015). At ecologically relevant pH, bentonite type clays 

proved most effective, completely removing ichthyotoxic effects of the potent fish-

killing algae Prymnesium parvum and Karlodinium veneficum at clay loadings of just 
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0.1 and 0.25 g.L-1, respectively (Figure 2). We currently are successfully extending our 

application of bentonite type clays to other fish-killing algal species, including 

Chattonella marina, Heterosigma akashiwo and Alexandrium catenella.  
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