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Introducción 

1. Floraciones algales nocivas 

1.1. Definición e impactos 

El término fitoplancton puede ser definido como un grupo polifilético de 
organismos principalmente fototróficos unicelulares que derivan con las corrientes 
en aguas marinas y dulces (Falkowski & Raven, 1997). Junto a estos, por su 
similitud aunque viviendo en diferente hábitat, también se debe mencionar el 
microfitobentos que vive adherido a sustratos inertes, algas o entre arena. Aunque 
representan menos del 1% de la biomasa fotosintética de la tierra, estos organismos 
microscópicos pigmentados son responsables de más del 45% de la producción 
primaria neta anual del planeta, siendo éste, el mayor flujo de materia orgánica a 
los niveles tróficos más altos (Falkowski & Raven, 1997; Field et al., 1998). Como 
productores primarios altamente eficientes, estos organismos son imprescindibles 
para mantener la biodiversidad y sustentar, directa o indirectamente, la vida marina 
en todos los océanos. Sin embargo, a pesar de cumplir un rol beneficioso, los 
eventos conocidos comúnmente como mareas rojas—y que técnicamente han sido 
denominados como Floraciones Algales Nocivas (FANs, en inglés HABs = 
Harmful Algal Blooms) por la Comisión Oceanográfica Intergubernamental (COI) 
de la UNESCO—en ocasiones amenazan seriamente la salud pública y causan, 
frecuentemente, enormes pérdidas económicas para las pesquerías y diversos 
sectores productivos en diversas áreas del planeta. 

Las FANs han sido definidas técnicamente como “proliferaciones, en 
ambientes acuáticos, de algas microscópicas que pueden causar la muerte masiva 
de peces y una gran variedad de otros organismos, contaminar los mariscos con 
toxinas, y alterar los ecosistemas de manera que los seres humanos las perciban 
como dañinas o nocivas” (GEOHAB, 2001). Esta definición se refiere tanto a 
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eventos donde ocurre una rápida proliferación y/o alta acumulación de biomasa de 
microalgas principalmente tóxicas o nocivas (Fig. 1), o en otras ocasiones a que un 
bajo número de células de alguna especie tóxica pueda causar serios problemas en 
concentraciones reducidas. Paradójicamente, muchas floraciones tóxicas no 
provocan una coloración del agua sino que su nocividad es producida porque sus 
toxinas son acumuladas en otros organismos de niveles superiores en la cadena 
trófica. La capacidad de una especie para producir toxinas no se traduce 
directamente en su capacidad para proliferar. Aunque la mayoría de las especies 
tóxicas actualmente conocidas sí lo hacen, también hay muchas especies no tóxicas 
que pueden formar floraciones, provocar coloración del agua y causar problemas 
debido a las elevadas concentraciones que alcanzan. Los ecosistemas se ven 
perturbados en general por estos fenómenos que pueden alterar la cadena trófica y 
producir mortandad de organismos por la falta de oxígeno. 

 
 
Fig. 1. Coloración del agua de mar producida por una floración del dinoflagelado 
ictiotóxico Cochlodinium polykrikoides en el sur de Corea. Extraído de Anderson et al. 
(2014). 
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El conocimiento sobre las FANs ha avanzado significativamente durante la 
última década, sin embargo, los factores que dan origen a estos eventos aún 
necesitan mayor comprensión debido a su complejidad y diversidad. Se ha 
mencionado que estos factores incluyen aspectos biológicos, bioquímicos, 
hidrográficos, meteorológicos y geográficos que requieren de un estudio 
multidisciplinar que abarque áreas tan diversas como la molecular, la ecología y 
biología de las especies, modelado numérico, taxonomía, física, química y 
bioquímica, hasta estudios de campo con series de tiempo de gran escala 
(Anderson et al., 2012a). 

Una problemática en el estudio y manejo de las FANs ha sido la alta diversidad 
de especies, los complejos ciclos de vida que presentan, y los distintos tipos de 
ecosistemas donde estas microalgas se desarrollan. El fitoplancton clasificado 
como potencialmente nocivo no pertenece a un único grupo evolutivamente 
distinto, sino más bien abarca la mayoría de los clados taxonómicos algales, 
incluyendo eucariotas (dinoflagelados, rafidofitas, diatomeas, euglenofitas, 
criptofitas, haptofitas, y clorofitas) y procariotas microbianos (cianobacterias 
fijadoras de nitrógeno que se presentan en sistemas marinos y de agua dulce) 
(Anderson et al., 2014). Entre las miles de especies que conforman el fitoplancton 
marino actual, solo unas 300 (~6%) son conocidas por alcanzar elevadas 
concentraciones (Hallegraeff, 1993), y cerca de 60–80 (~2%) tienen la capacidad 
de ser nocivas al producir biotoxinas, provocar daño físico y/o muerte a mamíferos 
marinos, aves y peces, y de generar anoxia (Smayda, 1997; Glibert et al., 2005). 
Entre este reducido número de microalgas nocivas, algunas especies, 
principalmente del grupo de las diatomeas, pueden ser letales para peces e 
invertebrados al dañar u obstruir sus branquias cuando alcanzan altas 
concentraciones (Anderson et al., 2014). Otras no son tóxicas ni tienen morfologías 
particulares que provoquen daño físico (i.e., largas espinas como en Chaetoceros 
convolutus o frústulos muy silificados en Leptocylindrus spp.), pero al dominar la 
comunidad planctónica y al encontrarse en altas concentraciones, agotan el 
oxígeno y los nutrientes provocando la muerte de otros organismos presentes en la 
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zona (Smayda, 1997). En tercer lugar están las especies tóxicas, que generalmente 
no se encuentran en concentraciones elevadas por lo cual no producen cambios en 
el color del agua, pero a través de la cadena trófica sus toxinas pueden acumularse 
en mariscos y peces dando lugar a intoxicaciones en humanos. 

A nivel global, hay evidencia que los eventos FAN en aguas costeras han 
incrementado en décadas recientes en relación a la frecuencia, intensidad y 
cobertura geográfica (GEOHAB, 2001; Anderson et al., 2012a). Se han propuesto 
varias hipótesis para explicar este aumento: 

1) El aumento del conocimiento como resultado de los avances metodológicos 
en detección de eventos FAN y determinación de toxinas, y el incremento de 
la acuicultura en zonas costeras (Anderson, 1989; Landsberg et al., 2002). 

2) La alteración de la proporción de nutrientes en las zonas costeras producto 
de la intensificación de la carga de nutrientes antropogénicos lo cual, en 
determinadas circunstancias ha podido favorecer a especies toxicas o 
nocivas o incrementando la intensificación de las proliferaciones en general 
(Tilman, 1977; Smayda, 1990, 1997). 

3) El transporte de especies y sus quistes de resistencia en aguas de lastre y en 
mariscos trasplantados desde un área a otra, cuya eliminación desde 
embarcaciones de cabotaje y desde los moluscos, puede favorecer la 
dispersión de especies nocivas a zonas que previamente estaban libres de 
estos taxa (Hallegraeff, 1993; GEOHAB, 2001), 

4) El transporte de células vegetativas y/o de los quistes mediante mecanismos 
físicos naturales como corrientes y la advección de plumas costeras ha 
expandido la distribución geográfica de especies nocivas permitiendo que 
haya floraciones donde antes no las había (Franks & Anderson, 1992; 
Anderson et al., 2012a). 

5) El cambio climático global—expresado como alteraciones en la temperatura, 
la estratificación, la luz, la acidificación de los océanos, y el 
desacoplamiento en los niveles tróficos, entre otros factores—que explicaría 
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el incremento de aquellas floraciones que no se pueden atribuir a un proceso 
de eutrofización antrópica de las aguas costeras (Hallegraeff, 1993; 
Anderson et al. 2012a). 

 

1.2. Toxinas de microalgas 

Algunas microalgas producen metabolitos que pueden dar lugar a intoxicaciones 
de diversa gravedad en humanos. En función de los síntomas observados se han 
descrito clínicamente seis síndromes (Anderson et al., 2014) (Tabla 1). Tanto las 
toxinas como las microalgas se pueden clasificar según el síndrome, es decir, el 
tipo de intoxicación o envenenamiento que producen en los siguientes grupos: 
Intoxicación Paralizante por Mariscos (VPM, en inglés PSP = Paralytic shellfish 
Poisoning), Intoxicación Diarreica por Mariscos (VDM, en inglés DSP = 
Diarrhetic shellfish Poisoning), Intoxicación Amnésica por Mariscos (VAM, en 
inglés ASP = Amnesic Shellfish Poisoning), Intoxicación Neurotóxica por 
Mariscos (VNM, en inglés NSP = Neurotoxic Shellfish Poisoning), Intoxicación de 
la Ciguatera por Pescado (VCP en inglés CFP = Ciguatera Fish Poisoning) y la 
Intoxicación por Azaspiracidos (AZP). 

Las microalgas también pueden producir metabolitos biológicamente activos 
pero que no se han asociado con casos de intoxicación en humanos. Es el caso de 
las Imínas Cíclicas (ICs) (Richard et al., 2001), familia de biotoxinas marinas 
presentes en mariscos donde se incluyen espirólidos (SPXs), gimnodiminas 
(GYMs), pinnatoxinas (PnTXs), pteriatoxinas (PtTXs) y prorocentrólidos (PcTXs) 
(Tabla 1). Todas ellas presentan una estructura molecular similar caracterizada por 
un anillo bicíclico con un grupo imina (Molgó et al., 2014) y resultan altamente 
tóxicas en el bioensayo de ratón via intraperitoneal (AOAC, 1990), provocando la 
muerte fulminante de los ratones (Marrouchi et al., 2010; Otero et al., 2011), de ahí 
que se las denomine toxinas de acción rápida “Fast acting toxins” (Cembella & 
Krock, 2008). Se trata de compuestos neurotóxicos que actúan inhibiendo los 
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receptores muscarínicos y nicotínicos de la acetilcolina a nivel del Sistema 
Nervioso Central y Periférico (Munday et al., 2008). El síndrome más peligroso 
para el ser humano, debido a su letalidad cuando las toxinas alcanzan una elevada 
concentración en mariscos, es el PSP. Las toxinas que incluye este síndrome son la 
saxitoxina (STX) y al menos 21 derivados que pueden ser producidos en varias 
combinaciones y concentraciones (Starr et al., 2017). Algunos de estos compuestos 
son altamente neurotóxicos, actuando como agentes bloqueadores de canales de 
sodio que restringen la transmisión de señales entre neuronas, particularmente en 
mamíferos, aves y peces (Anderson et al., 2012b). Puede llevar a producir 
debilidad muscular, parálisis respiratoria, coma, y eventualmente la muerte en 
casos extremadamente severos (Anderson et al., 2014; Visciano et a., 2016). 

Cada uno de los grupos de toxinas mencionados es causado por diferentes 
especies y/o cepas de microalgas (Tabla 1). El síndrome amnésico (ASP) es el 
único producido por diatomeas, mientras que el resto son producidos por 
dinoflagelados. El grupo de los dinoflagelados, curiosamente, es el que representa 
la mayoría (~75%) de las especies vinculadas a eventos FAN a nivel global 
(Smayda, 1997; Moestrup et al., 2009). En el síndrome PSP, además de los 
dinoflagelados (Tabla 1), también pueden estar implicadas cianobacterias de agua 
dulce (Aráoz et al., 2010). 

Se desconoce por qué sólo algunas especies fitoplanctónicas producen toxinas o 
por qué algunas cepas de una misma especie pueden ser toxicas y otras no. Más 
aún, por qué diferentes cepas de una misma especie pueden producir toxinas 
distintas. De lo que sí se tiene conocimiento es de los factores químicos, físicos, y 
bióticos como los nutrientes, temperatura, salinidad, irradiancia y predación que 
tienen influencia en la producción de toxinas (Granéli & Flynn, 2006; Senft-Batoh, 
et al., 2015a,b). Las biotoxinas marinas son metabolitos secundarios que varían en 
estructura, composición atómica y actividad funcional. Por lo tanto, no es raro que 
los factores que estimulan la producción de las mismas en una especie/grupo de 
microalgas puedan tener un impacto diferente en otra (Granéli & Flynn, 2006). Se 
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ha planteado que las toxinas pueden desempeñar funciones disuasorias ante 
potenciales predadores (Selander et al., 2006; Wohlrab et al., 2010; Senft-Batoh et 
al., 2015b), inmovilizar a presas (Sheng et al., 2010), o competir por espacio vital 
(Gerssen et al., 2010), pero aún es escasa la información sobre el rol ecológico de 
las toxinas para las microalgas. 

 
Tabla 1. Clasificación de las toxinas marinas, síndrome toxicológico, organismos fuente 
primaria, y sintomatología en humanos. Modificado de Anderson et al. (2014). 
 

Toxina Síndrome Fuente Sintomatología 

Saxitoxina (STX) y sus 
derivados 

PSP Alexandrium spp. 
Gymnodinium catenatum 
Pyrodinium bahamense 

Parestesia en casos leves, 
parálisis respiratoria y muerte 
en casos muy severos 

Ácido Domoico (DA) ASP Pseudo-nitzschia spp. 
Nitzschia spp. 

Síntomas gastrointestinales 
y/o signos neurológicos, 
coma o muerte en casos 
extremos 

Acido Okadaico (OA) y 
dinofisistoxinas (DTXs) 

DSP Dinophysis spp. 
Prorocentrum lima 

Efectos gastrointestinales, 
diarrea, vómitos, 
recuperación en 3 días 

Pectenotoxinas (PTXs) 
Yesotoxinas (YTXs) 
 
 
 

 Dinophysis spp. 
Protoceratium reticulatum* 
Lingulodinium polyedra 
Gonyaulax spinifera 
Gonyaulax taylori 

No determinada 
Sin observación en humanos 

Azaspiracidos (AZAs) AZP Azadinium spinosum 
Amphidoma languida 

Síntomas gastrointestinales, 
nauseas, vómitos, diarrea 

Brevetoxinas (BTXs) NSP Karenia brevis Síntomas gastrointestinales y 
neurológicos, problemas 
respiratorios 

Ciguatoxina (CTXs) CFP Gambierdiscus spp. Efectos gastrointestinales, 
cardiovasculares y 
neurológicos 

Espirólidos (SPXs), 
Gimnodiminas (GYMs),  
 
Pinnatoxinas (PnTXs), 
Pteriatoxinas (PtTXs) 
 
 
Prorocentrolidos (PcTXs) 

 Alexandrium ostenfeldii* 
Karenia spp. 
Alexandrium ostenfeldii* 
Vulcanodinium rugosum 
Producto de 
biotransformación de PnTXs 
en mariscos 
Prorocentrum spp. 

Sin síntomas en humanos 

Palitoxinas (PlTXs)  Ostreopsis sp. 
Palythoa spp. 

Efectos gastrointestinales, 
problemas musculares y 
cutáneos 

PSP: Paralytic Shellfish Poisoning = Intoxicación Paralizante por Mariscos (VPM); ASP: Amnesic Shellfish Poisoning = 
Intoxicación Amnésica por Mariscos (VAM);  DSP: Diarrhetic Shellfish Poisoning = Intoxicación Diarreica por Mariscos (VDM); 
AZP: Azaspiracids Poisoning = Intoxicación por Azaspirácidos (AZA); NSP: Neurotoxic Shellfish Poisoning = Intoxicación 
Neurotóxica por Mariscos; CFP: Ciguatera Fish Poisoning = Veneno de la Ciguatera por Pescado (VCP). * especies estudiadas en 
esta tesis. 
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Los mariscos bivalvos (e.g. mejillones, almejas, ostiones, ostras, entre muchos 
otros) son el grupo de organismos marinos más propensos a acumular estas 
biotoxinas debido a su modo de alimentación, basada fundamentalmente en la 
filtración de microalgas planctónicas (Doucette et al., 2006). Un importante 
problema en la detección de estos mariscos contaminados radica en que estas 
toxinas no alteran las características organolépticas (color, olor o sabor) de los 
bivalvos, haciendo que sea muy fácil para los humanos ingerirlas sin percatarse de 
su presencia, causando trastornos gastrointestinales y neurológicos. Además, en el 
metabolismo de los bivalvos se producen transformaciones de las toxinas que en 
ocasiones incrementan su potencia tóxica (Paz et al., 2008). Estas toxinas se 
transfieren a través de la cadena trófica debido a la depredación que ejercen otros 
organismos sobre los moluscos bivalvos o sobre las propias microalgas (Fig. 2)—
como es el caso de los gasterópodos y del zooplancton o peces planctívoros, 
respectivamente—generando bioacumulación y un potencial riesgo para 
consumidores mayores. Adicionalmente, numerosas microalgas tóxicas tienen 
quistes bentónicos como parte de su ciclo de vida. Éstos también pueden hacer que 
las comunidades bentónicas se vuelvan tóxicas (Dale & Yentsch, 1978). Además, 
células tóxicas y toxinas adsorbidas pueden hundirse y sedimentar y ser 
consumidas por organismos bentónicos, siendo recicladas dentro de la cadena 
trófica. 

 

2. Los dinoflagelados 

2.1. Características generales 

Los dinoflagelados son organismos unicelulares eucariotas de tamaño 
microscópico que se caracterizan por poseer un tipo de núcleo especializado 
denominado dinocarion (Rizzo, 1991). Estos microorganismos habitan una amplia 
diversidad de ambientes acuáticos, tanto en agua dulce como marina (incluidas 
aguas salobres), y en todas las latitudes, desde el Ecuador hasta los polos (Hackett 
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et al., 2004; Le Bescot et al., 2016). Poseen diferentes formas de alimentación 
(autotrofía, heterotrofía, y mixotrofía) y morfologías (Hackett et al., 2004; Jeong et 
al., 2005). Se caracterizan por presentar una extraordinaria diversidad fisiológica y 
adaptaciones a nichos específicos, lo cual se cree son las principales razones de su 
éxito ecológico y evolutivo (Sournia, 1995; Smayda & Reynolds, 2003; de Vernal 
& Marret, 2007; Dyhrman, 2008; Price et al., 2016); por ejemplo, muchos 
dinoflagelados son capaces de utilizar fuentes de carbono orgánico y alimentarse 
mixotróficamente (Glibert et al., 2008, Stoecker 1999; Jeong et al., 2005); actuar 
como simbiontes o parásitos, utilizar hábitats planctónicos o bénticos (Hoppenrath 
et al., 2014); y producir compuestos químicos complejos que influyen en las 
interacciones con los competidores y los depredadores (Selander et al., 2006; 
Tillmann et al., 2008; Senft-Batoh et al., 2015b) (Fig. 2). Muchas especies 
producen importantes impactos ecológicos y económicos, incluyendo la formación 
de floraciones tóxicas y	un papel biogeoquímico y trófico clave en los ambientes 
oceánicos y costeros pelágicos (Murray et al., 2016). Ellos son reconocidos como 
los más prolíficos productores de dimetilsufoniopropionato (DMSP) (Caruana & 
Malin, 2014), principal precursor biogénico del dimetilsulfuro (DMS), compuesto 
que una vez en la atmósfera influye en la producción y el albedo de las nubes, lo 
que posteriormente afecta a la regulación climática (Charlson et al., 1987). 

Los dinoflagelados de vida libre son uno de los grupos planctónicos que 
presentan mayor movilidad en la columna de agua. Durante su fase vegetativa 
poseen dos flagelos, uno alrededor del cíngulo (transversal) y otro 
longitudinalmente paralelo al sulco (Fig. 3). El flagelo transversal es ondulado y 
con forma de cinta, mientras que el longitudinal es cilíndrico o aplanado y es el 
que le da propulsión a la célula (Fensome et al., 1993). La mayoría de las especies 
son de ambientes marinos y sólo unos pocos cientos de aguas continentales. 
Usualmente son abundantes en ambientes neríticos, incluyendo estuarios, mares 
interiores y plataformas continentales. Esta diversidad de ambientes se debe a que 
muchas especies presentan una alta tolerancia a variaciones de salinidad, 
temperatura, y de nutrientes (de Vernal & Marret, 2007). En general están 
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particularmente bien adaptados para vivir en condiciones relativamente calmas y 
estratificadas (Margalef, 1978). El eficiente movimiento flagelar acoplado con la 
capacidad fototáctica les da una gran capacidad para mantenerse en la zona 
eufótica y migrar verticalmente para poder recolectar partículas orgánicas y/o 
nutrientes inorgánicos en profundidad si éstos se agotan en las aguas superficiales 
(Margalef, 1978; Cullen & MacIntyre, 1998). Los dinoflagelados que producen 
floraciones y que reiteradamente se presentan en áreas específicas son especies que 
se han adaptado con el tiempo o aclimatado a los regímenes ambientales (e.g. 
temperatura del agua, salinidad, luz, patrones de circulación del agua, y nutrientes) 
de cada lugar (Levandowsky & Kaneta, 1987). Los productores de eventos FAN 
son en su mayoría especies fototróficas y alcanzan generalmente los mayores 
niveles de crecimiento poblacional (107–108 células L-1) en aguas calmas o a lo 
largo de bordes de frentes formados en la unión de aguas estratificadas de océano 
abierto y de zonas costeras. 

 

Fig. 2. Algunos de los principales rasgos ecológicos de los dinoflagelados: células 
planctónicas libres y simbiosis en corales y otros invertebrados, producción de DMSP, 
mixotrofia y producción de metabolitos tóxicos / no tóxicos con impactos en otras especies 
marinas. Extraído de Murray et al. (2016). 
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2.2. Taxonomía 

La correcta caracterización taxonómica de una especie productora de floraciones 
tóxicas es fundamental para poder replicar todos los conocimientos sobre sus 
toxinas, fisiología y ecología. Los diferentes rasgos morfológicos de estas especies 
muchas veces son concordantes con diferencias genéticas, aunque en otras 
ocasiones esto no es así. Es por esto que se ha argumentado que los rasgos 
morfológicos conservativos son fundamentales en la clasificación tradicional de las 
especies (Anderson et al., 2012a). En muchos casos, sin embargo, sobre todo en las 
especies crípticas y en dinoflagelados desnudos, la clasificación tradicional de los 
dinoflagelados basada en el concepto morfológico de especie, no es suficiente. Es 
por ello que, con la expansión de las técnicas moleculares de secuenciación de 
ácidos nucleicos, en las últimas décadas se combina cada vez más la clasificación 
morfológica con la filogenética. Aún así, el uso de los rasgos morfológicos, sobre 
todo en dinoflagelados tecados como los tratados en esta tesis, siguen siendo 
ampliamente utilizados en la actualidad. 

En taxonomía general de dinoflagelados se ha determinado que el polo de la 
célula que va en dirección de la natación se considera anterior o apical, y el polo 
opuesto posterior o antapical (Fensome et al., 1993). Los flagelos que producen el 
movimiento de la célula pueden estar insertos ventralmente (condición dinoconte), 
o más raramente, anteriormente (condición desmoconte). Ejemplos típicos de estas 
dos condiciones son los géneros Alexandrium y Prorocentrum, respectivamente. 
Las tres especies abordadas en esta memoria presentan la condición dinoconte, es 
decir, el aparato flagelar se posiciona ventralmente. En dinoflagelados de este 
último grupo, como la base de los flagelos está en el área ventral, el lado opuesto 
de la célula se denomina dorsal, y los lados izquierdo y derecho son 
consecuentemente determinados por convención biológica como en humanos 
(Fensome et al., 1993). 

Una característica de particular importancia taxonómica en dinoflagelados es la 
composición y estructura de su pared celular, la cual ha sido denominada anfiesma 
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(Loeblich, 1970). El anfiesma presenta vesículas aplanadas que pueden estar 
rellenas o no de celulosa u otros polisacáridos	dando a las células una pared más 
rígida (Hackett et al., 2004). Las primeras clasificaciones en este grupo fueron 
hechas de acuerdo con su presencia (llamados tecados) o ausencia (atecados o 
desnudos). Sin embargo, también hay dinoflagelados que presentan vesículas con 
un contenido intermedio de celulosa ubicados filogenéticamente entre el grupo de 
los tecados y el de los atecados y que han sido llamados Suessiales (Price & 
Bhattacharya, 2017). En esta tesis solo se tratarán dinoflagelados tecados. 

 

Fig. 3 Morfología externa y terminología de un dinoflagelado tecado. Modificado de Evitt 
(1985). 

 

Las placas de celulosa son fundamentales en taxonomía de dinoflagelados 
debido a que características como su forma, número y disposición es propia de 
cada especie (Fig. 4). Esto hace que sea uno de los criterios más importantes junto 
a la genética en la identificación de nuevas especies. La disposición de las placas 
de celulosa ha sido referida dentro de la taxonomía con el término “tabulación” 
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(Hackett et al., 2004). Estas placas se caracterizan porque se apoyan una sobre otra 
a lo largo de líneas de sutura y, en general, se distribuyen de manera uniforme en 
cada especie (Fensome et al., 1993). Las placas pueden estar perforadas por poros 
de distinto tamaños y presentar ornamentaciones adicionales, tales como espinas, 
cuernos, estrías o reticulación (Fig. 4). Estas características varían en su desarrollo 
durante el ciclo de maduración de la célula. Un ejemplo claro ocurre en una de las 
especies estudiadas en esta tesis, el gonyaulacal Protoceratium reticulatum, donde 
las placas de células recién divididas, o de células germinadas recientemente de 
quistes de resistencia (planomeiocitos), presentan una superficie tecal fina y sin 
reticulación la cual se va haciendo cada vez más gruesa y reticulada con el paso de 
las horas. El crecimiento de la célula, y por consiguiente el crecimiento de sus 
placas, produce bandas de crecimiento—denominadas también bandas 
intercalares—que suelen ser estriadas y se disponen en ángulo recto a las suturas 
(Fensome et al., 1993). 

 

 

Fig. 4. Imágenes de microscopía electrónica de barrido de dinoflagelados del sur de Chile 
con diferentes tipos de superficie tecal. (A) Alexandrium ostenfeldii. (B) Dinophysis 
acuminata. (C) Protoceratium reticulatum. (D) Protoperidinium sp. Barras de escala 
10µm. 
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Las tabulaciones de dinoflagelados pueden agruparse dentro de seis tipos: 
gymnodinioide, suessioide, gonyaulacoide, peridinioide, nanoceratopsioide, 
dinofisioide, y prorocentroide (Fensome et al., 1993). Dado que en esta memoria se 
estudian especies pertenecientes al grupo de los gonyaulacales, sólo este tipo de 
tabulación será mencionada en detalle. Las placas tecales están dispuestas en 5 o 6 
series latitudinales (apical, intercalar, precingular, cingular, postcingular y 
antapical) y una longitudinal, la serie de placas sulcal (Fig. 3). El sistema de 
tabulación más utilizado fue desarrollado por Kofoid (1907a,b, 1909, 1911) donde 
se describe la serie de placas precingular, las cuales están inmediatamente anterior 
al cíngulo; la serie de placas postcingular que se posicionan inmediatamente 
posterior al cíngulo; las placas que contactan el complejo del poro apical (CPA) 
llamada serie de placas apical; las placas intercalar anterior que ocurren entre las 
series apical y precingular (epiteca) y no tienen contacto con el CPA, 
denominándose como intercalar posterior si ocurren en la hipoteca (Fensome et al., 
1993). Las placas presentes en el cíngulo se denominan como cingulares y las del 
sulco como sulcales. En el sistema de Kofoid (Fensome et al., 1993), las placas de 
cada serie (excepto las sulcales) se enumeran en orden correlativo, iniciando la 
numeración de acuerdo a la cercanía a la posición medioventral (i.e., a la izquierda 
del sulco) manteniendo sentido antihorario en vista apical. Además, el sistema de 
Kofoid utilizó una notación de superíndice para designar las placas de cada serie: 
placas apicales ('), placas intercalares anteriores (a), placas precingulares (''), placas 
cingulares (c), placas postcingulares ('''), placas intercalares posteriores (p), placas 
antapicales ('''') y placas sulcales (s). De acuerdo a Balech (1995) la denominación 
de las placas sulcales es la siguiente: sulcal anterior (Sa), sulcal posterior (Sp), 
placa sulcal anterior izquierda (Ssa), placa sulcal posterior izquierda (Ssp), placa 
sulcal anterior derecha (Sda), placa lateral posterior derecha (Sdp), placa sulcal 
media anterior (Sma), placa sulcal media posterior (Smp), placa sulcal accesoria 
anterior (Saca), placa sulcal accesoria posterior (Sacp). Aunque existen distintas 
terminologías utilizadas para mencionar todas estas placas, en esta memoria se ha 
utilizado como referencia las mencionadas anteriormente. 
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2.3. Reproducción y estrategias de supervivencia  

La dinámica de las FANs varía de un sitio a otro dependiendo no sólo de las 
condiciones hidrográficas y topográficas específicas, sino también de las 
características ecológicas y biológicas de los organismos causantes (Garcés et al., 
2001). Los organismos productores de eventos FAN, como también muchos otros, 
han sobrevivido durante siglos debido a la adaptabilidad que han desarrollado a 
distintas condiciones ambientales. Esta adaptación se ha dado gracias a la 
capacidad de producir formas distintas, principalmente a través de la reproducción 
sexual y a la herencia de rasgos genéticos que han ayudado a mantener las 
poblaciones, tal como ha ocurrido con microalgas nocivas evolutivamente antiguas 
y exitosas en el tiempo (Steidinger & Garcés, 2006). Para entender la dinámica de 
las floraciones de dinoflagelados es esencial conocer la diversidad de estados del 
ciclo de vida y los mecanismos que los regulan dentro del ciclo de cada especie 
(Kremp, 2013). La alternancia de estos estados es una característica general en el 
ciclo de vida de las algas, mostrando diferente nivel de ploidía y ocupando 
diferentes nichos en el tiempo y espacio. Los organismos asexuales, a diferencia, 
reducen la diversidad genética y tienen menos éxito en la adaptación a un entorno 
cambiante (Holsinger, 2000). En dinoflagelados, los ciclos de vida pueden variar 
de simples a complejos, y su versatilidad y complejidad contribuye a la diversidad 
y estructura de los sistemas acuáticos. En aguas productivas boreales y templadas, 
donde los organismos están expuestos a cambios ambientales periódicos, los ciclos 
de vida son comúnmente heteromórficos y tienen como particular característica 
ampliar la gama de condiciones ambientales donde la especie puede sobrevivir 
(Dale, 1983; Kremp, 2013). Un ciclo de vida heteromórfico representa una 
ventajosa estrategia para la especie debido a que permite distribuir la biomasa en 
estados de diferentes rangos de tamaño, morfologías, y capacidades de 
supervivencia y defensa.	 La capacidad de formar estados morfológicamente 
diferenciados está generalizada en dinoflagelados, pero no parece estar presente en 
la mayoría de las especie (Von Dassow & Montresor, 2011). 
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2.3.1. Ciclo de vida 

En el ciclo de vida de una especie, la fase vegetativa es la etapa donde ocurre el 
crecimiento poblacional mediante reproducción asexual, es decir, por mitosis. Si el 
crecimiento sólo se expresa mediante células haploides (1N) el ciclo de vida es 
haplonte. Si sólo las células diploides (2N) experimentan crecimiento, el ciclo de 
vida es considerado diplonte. Mientras que si ambas células, 1N y 2N, 
experimentan crecimiento (mitótico), el ciclo de vida es haplodiplonte (Von 
Dassow & Montresor, 2011). Se considera que los dinoflagelados presentan un 
ciclo de vida haplonte (Fig. 5) durante el cual la fase vegetativa es haploide y es 
ésta la que se reproduce asexualmente por mitosis y sufre un aumento 
concomitante en la biomasa (Elbrächter, 2003). El ritmo de crecimiento puede 
variar dependiendo de la capacidad de crecimiento específico de la especie, el cual 
puede estar regulado por factores ambientales. Dentro del ciclo haplonte, por 
determinadas condiciones que se desconocen en dinoflagelados, las células 
vegetativas forman gametos que se fusionan y forman un planocigoto diploide que 
puede dividirse por meiosis o enquistar (Kremp, 2013) (Fig. 5). 

Hasta la década de los 90 se consideró que en dinoflagelados el ciclo sexual era 
raro y limitado a condiciones ambientales desfavorables y que mayoritariamente 
desembocaba inequívocamente en la producción de quistes de resistencia (von 
Stosch 1973; Anderson and Wall, 1978). Sin embargo, la sexualidad en estos 
microorganismos ha sido reconocida como un paso independiente al 
enquistamiento ya que se ha demostrado experimentalmente que los cigotos 
móviles se dividen en muchas especies (Uchida et al., 1996; Figueroa et al., 
2006a,b,c; Figueroa et al., 2007; Figueroa et al., 2008a; Figueroa et al., 2009; 
Gribble et al., 2009; Tillman & Hoppenrath, 2013). Más aún, recientemente ha sido 
sugerido mediante estudios de campo que la formación y las tasas de inducción 
sexual son mucho más altas de lo que previamente se ha reportado en cultivos 
(Brosnahan et al., 2014). Adicionalmente, en un estudio del dinoflagelado 
formador de floraciones tóxicas Alexandrium minutum en cultivo, se ha 
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demostrado que los planocigotos se comportan como una población con un ciclo 
de división independiente del enquistamiento, y que siguen un ritmo diario y 
dependiente de la luz similar al del ciclo mitótico haploide (Figueroa et al., 2015). 
Todos estos conocimientos sobre las transiciones entre las formas planctónicas y 
bentónicas y entre las etapas asexuales y sexuales han revelado las complejas 
historias de vida de los dinoflagelados (Fig. 5) y que la sexualidad es más frecuente 
de lo que se pensaba anteriormente. 

 

Fig. 5. Ciclo de vida de un dinoflagelado donde se incluyen todas las posibles transiciones. 
Modificado de Bravo & Figueroa (2014). 

 

Cabe mencionar que la generalización del carácter haplonte del ciclo de vida de 
los dinoflagelados se ha basado en la observación de la división meiótica en los 
cigotos de algunas especies, e indicaría, por lo tanto, que los cigotos son las únicas 
células diploides en estos microorganismos. Esta definición se ha basado en la 
observación de la ciclosis nuclear—movimiento giratorio del contenido nuclear 
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que ha sido descrito como signo de meioisis (Pouchet 1883)—en los cigotos de 
dinoflagelados (von Stosch, 1972; Elbrächter, 2003; Parrow & Burkholder, 2004). 
Sin embargo, esto se ha puesto en cuestión para algunas especies. La primera y 
muy ampliamente citada como excepción a esa generalización fue la especie 
Noctiluca scintillans que fue previamente descrita como diplonte por Zingmark 
(1970) aunque refutado posteriormente por Schnepf & Drebes (1993). También 
recientemente se ha descrito mitosis y meiosis en el planocigoto del dinoflagelado 
pseudocolonial Polykrikos kofoidii que indicaría que su ciclo es haplodiplonte 
(Tillmann & Hoppenrath, 2013). Estos autores observaron que la ciclosis nuclear 
ocurrió posteriormente a la división mitótica de los planocigotos. Además, en el 
ciclo de división sexual de A. minutum, su parecido al ciclo celular mitótico de las 
células vegetativas haploides sugiere que la división del planocigoto podría ser por 
división mitótica (Figueroa et al., 2015). Es importante señalar que la meiosis en 
dinoflagelados ha sido poco estudiada y pobremente caracterizada (Bhaud et al 
1988; Soyer-Gobillard et al., 2002; Parrow & Burholder, 2004), y si bien es cierto 
que se ha descrito ciclosis nuclear en cigotos de algunas especies, queda mucho 
por dilucidar para poder generalizar ese patrón para todos los dinoflagelados. 
Realmente, hoy por hoy no hay pruebas que demuestren que la división de los 
cigotos en dinoflagelados sea únicamente meiótica. 

2.3.2. Tipos de compatibilidad sexual 

En el ciclo de vida de dinoflagelados los sistemas de apareamiento son un 
importante aspecto a considerar. Las especies han sido tradicionalmente 
clasificadas como homotálicas y heterotálicas dependiendo de la capacidad de un 
clon de producir quistes de resistencia (homotalismo) o de la necesidad de requerir 
de dos cepas clonales compatibles (heterotalismo) para producir estos estados 
sexuales (Blackburn, et al., 2001). De acuerdo a estas definiciones, el 
dinoflagelado tóxico Alexandrium catenella ha sido tradicionalmente clasificado 
como heterotálico (Yoshimatsu, 1981), y Alexandrium taylorii como homotálico 
(Giacobbe & Yang, 1999). Sin embargo, se ha demostrado que el sistema de 
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apareamiento puede ser variable y complejo, ocurriendo homotalismo y 
heterotalismo en una misma especie y los patrones de compatibilidad cambiando 
en el tiempo (Montresor et al., 2003; Kremp, 2013) como se ha reportado en las 
especies Scrippsiella trochoidea (Montresor et al., 2003) y Gymnodinium 
catenatum (Figueroa et al., 2008b). Además, actualmente se sabe que en 
dinoflagelados la sexualidad se expresa no sólo a través de la formación de quistes, 
por lo que la definición del tipo de compatibilidad sexual basada en formación de 
quistes de resistencia, aunque hoy en día todavía en uso, es limitada; más 
apropiado sería incluir otros niveles de sexualidad como formación y división del 
cigoto (Blackburn et al., 2001). 

2.3.3. Formas bentónicas 

Dentro de la fase sexual del ciclo de vida (Fig. 5), los quistes de dinoflagelados han 
sido ampliamente estudiados. Se sabe que al menos 10% de todos los 
dinoflagelados, y en áreas templadas hasta el 28% de ellos, tienen quistes de 
resistencia durante sus ciclo de vida (Dale, 1983; Persson et al., 2000, 2008). El rol 
ecológico que se le ha atribuido a los quistes de resistencia ha sido muy variado, 
entre ellos el de producir dispersión de la especie (Hallegraeff, 1993), sustentar el 
desarrollo y recurrencia de las floraciones (Anderson, 1998; Ishikawa & 
Taniguchi, 1996), proporcionar supervivencia bajo condiciones adversas (Dale, 
1983), y producir recombinación genética mediante la fusión de gametos 
(Anderson, 1998). Adicionalmente, los quistes son muy importantes en estudios de 
fitoplancton nocivo debido a que pueden dar alerta temprana ante la presencia de 
especies tóxicas, revelar especies no observadas comúnmente en el plancton, 
especies de vida corta, frágiles, o difícil de identificar (Hesse et al., 1996), esto 
último debido a que en ciertos géneros (e.g. Scrippsiella) las diferencias 
morfológicas entre especies son más obvias a nivel de quiste que en estados 
vegetativos (Lewis, 1991). 

Los quistes pellicle, o también denominados quistes temporales o ecdísicos, se 
definieron primeramente cómo estados no móviles de pared fina formados cuando 
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células vegetativas móviles eran expuestas a condiciones desfavorables, tales como 
choques mecánicos o cambios súbitos de temperatura (Anderson & Wall, 1978; 
Garcés et al., 2002). Hoy en día se sabe que estos quistes también pueden ser de 
origen sexual (Fig. 5) y que algunas especies los forman como estrategia para el 
mantenimiento de sus poblaciones en ambientes cuyas condiciones cambian en 
periodos cortos de tiempo (Bravo & Figueroa, 2014). Por ejemplo, A. taylorii y A. 
minutum forman este tipo de quistes en circunstancias que han sido asociadas a 
evitar la dispersión por el viento. Estas transformaciones rápidas de células 
móviles a quistes minimizan las pérdidas por advección y facilitan el desarrollo de 
sus floraciones. Esta estrategia a corto plazo se complementa con la estrategia de 
largo plazo que esas especies llevan a cabo a través de sus quistes de resistencia 
(Garcés et al., 2002; Bravo et al., 2010). 

 

3. Especies y aspectos estudiados 

En esta tesis se abordan de manera experimental los siguientes estudios de los 
dinoflagelados productores de FANs Alexandrium ostenfeldii y Protoceratium 
reticulatum: 

Alexandrium ostenfeldii es una especie de gran interés por su amplia 
distribución geográfica y por la producción de toxinas. En el Artículo I se aborda 
el estudio genético, morfológico, y de perfiles de toxinas de cepas de A. ostenfeldii 
procedentes del Mar Mediterráneo, Mar Báltico, y sur de Chile. Y en el Artículo II 
se describe la cinética y el efecto de la temperatura y salinidad en el crecimiento y 
la producción de toxinas (toxinas PSP y GYMs) de la cepa del Mar Báltico 
mediante un diseño factorial. 

En relación a Protoceratium reticulatum, primeramente se abordó el estudio 
filogenético de las diferentes cepas de la Colección de Cultivos del Centro 
Oceanográfico de Vigo (CCVIEO). Al observarse que había cepas clasificadas 
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como P. reticulatum pero que morfológica y genéticamente constituían una nueva 
especie, se realizó su descripción como Ceratocorys mariaovidii (Artículo III). 
Estas cepas habían sido identificadas erróneamente como P. reticulatum debido a 
su similitud morfológica. Se realizó también la descripción de un tipo de células 
con forma de vida bentónica de esas dos especies (Artículo IV) que sugieren 
estrategias adaptativas peculiares. Por otra parte, debido a la escasa literatura que 
había sobre el ciclo de vida de P. reticulatum, se realizó el estudio en detalle de los 
diferentes estados celulares (asexuales/sexuales, plantónicos/bentónicos) a través 
de los cuales se sugieren diferentes estrategias de vida que caracterizan a la especie 
(Artículo V). 

 

A continuación se hace una introducción de los aspectos más sobresalientes de 
estas dos especies de dinoflagelados: 

3.1. Alexandrium ostenfeldii 

Dentro de los dinoflagelados tóxicos a nivel mundial, el género Alexandrium es el 
que incluye el mayor número de especies productoras de eventos FANs asociadas a 
brotes de intoxicación por toxinas PSP (Anderson et al., 2012b). Además de estas 
toxinas, otros grupos tales como SPXs y GYMs han sido detectados en el género 
(Cembella et al., 2000; Van Wagoner et al., 2011; Artículo I de esta tesis). Estos 
tres tipos de toxinas pueden presentarse en variadas combinaciones en una especie 
o cepa (Tomas et al., 2012; Martens et al., 2017). De las ~30 especies definidas 
morfológicamente en Alexandrium, alrededor de la mitad de ellas son conocidas 
por producir toxinas (Anderson et al., 2012b), y su área de distribución se ha 
extendido en las últimas décadas en diversas partes del mundo (Cho et al., 2008). 
El éxito de colonización y persistencia de este género en diversos ambientes ha 
sido atribuido a adaptaciones ecofisiológicas (e.g. quistes de resistencia, alta 
capacidad de migración vertical) que muchos de sus miembros poseen (Anderson 
et al., 2012b). Alexandrium además de presentar el mayor número de especies 
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tóxicas entre los dinoflagelados (Anderson et al., 2012b) es el mayor productor de 
saxitoxina (STX) y sus análogos asociados a síndromes PSP en zonas subárticas, 
templadas y tropicales (Taylor et al., 1995). Dentro de las especies tóxicas de este 
género una de las menos estudiadas es A. ostenfeldii (Fig. 6), y el interés en esta 
microalga durante la última década ha aumentado debido a sus cada vez más 
frecuentes y densas floraciones (Van de Waal., 2015; Martens et al., 2017). 

A mediados de la década del 90, Balech (1995) clasificó el género Alexandrium 
en distintos grupos de acuerdo a criterios morfológicos. Uno de esos fue el 
denominado “Grupo Alexandrium ostenfeldii” que incluía las especies 
Alexandrium peruvianum (Balech & Mendiola, 1977), A. ostenfeldii (Balech & 
Tangen 1985) y Gonyaulax dimorpha (Biecheler, 1952). La agrupación de aquellas 
especies se basó en que todas tienen una forma globular, una fina pared tecal, y una 
angosta y alargada primera placa apical (1') con un gran poro ventral ubicado en el 
lado anterior derecho la principal característica de este grupo. Entre las tres, G. 
dimorpha nunca ha sido transferida al género Alexandrium debido a que su 
identidad no ha sido aceptada por algunos autores y porque no se ha verificado el 
material tipo. Las otras dos, sin embargo, fueron separadas sólo por muy sutiles 
diferencias morfológicas en placas definitorias, tales como la 1', sexta precingular 
(6''), y sulcal anterior (Sa). Uno de los rasgos más mencionados en la literatura para 
diferenciar ambas especies, por ejemplo, era la forma de la Sa, la cual en A. 
ostenfeldii era más ancha que larga con un borde anterior horizontal, mientras que 
en A. peruvianum era triangular o en forma de “A” (Bravo et al., 2006; Tomas et 
al., 2012). Recientemente, sin embargo, se ha establecido mediante estudios 
filogenéticos y morfológicos de cepas de A. ostenfeldii y A. peruvianum de 
distintas zonas geográficas, que ambas especies corresponden a una misma especie 
y que A. peruvianum debe ser considerado como sinónimo de A. ostenfeldii, y por 
lo tanto, descartado como taxón distinto (Kremp et al., 2014). 

Las células de A. ostenfeldii se caracterizan por tener una forma globular en 
vistas ventral y dorsal, y redonda en vistas apical o antapical (Figs. 3A y 6A–D). 
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La epiteca es ligeramente variable en forma con un contorno que va desde 
sigmoideo a forma de domo o redondo. La hipoteca generalmente es redonda. El 
cíngulo es ligeramente escavado y desplazado menos de un ancho del cíngulo 
hacia la izquierda de la célula (Fig. 6B). El sulco es muy poco profundo. Su teca es 
fina y puede presentar pequeños poros casi imperceptibles en microscopía de luz. 
El patrón de placas es Po, 4', 6'', 6c, 9–10s, 5''', 2'''' (Balech & Tangen, 1985). Los 
tamaños celulares pueden ser muy variables, desde 26.6 a 53.4 µm de largo y de 
30.6 a 40.5 µm de ancho. Los cloroplastos orientados radialmente y el núcleo en 
forma de U ubicado ecuatorialmente (Fig. 6D) se ajustan a los de otras especies de 
Alexandrium. Su quiste de resistencia tiene una forma esférica con una doble pared 
y una gran cantidad de compuestos de reserva en su interior (Fig. 6E). 

 

 

Fig. 6. Imágenes de microscopía de luz (A, C–E) y microscopia electrónica de barrido (B) 
de Alexandrium ostenfeldii. (A) Célula vegetativa. (B) Célula en vista ventral. (C) Célula 
teñida con Calcofluo en vista ventral. (D) Núcleo teñido con Sybr Green. (E) Quiste de 
resistencia. Barras de escala 10 µm. 1': primera placa apical. 
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3.1.1. Distribución geográfica 

Alexandrium ostenfeldii es una especie cosmopolita. La mayoría de sus registros 
son de aguas frías y ha sido considerado tener una distribución ártico-boreal 
(Okolodkov, 2005). Sin embargo, también ha sido identificado en zonas cálidas y 
tropicales. Sus células móviles y/o quistes bentónicos han sido ampliamente 
observados en zonas templadas de Europa (Balech & Tangen, 1985, Kremp et al., 
2014), Norte América (Cembella et al., 2000, Tomas et al., 2012), Ártico Ruso 
(Okolodkov & Dodge, 1996), y Patagonia chilena y argentina (Guzmán et al., 
2011; Almandoz et al., 2014). También ha sido reportado en aguas y/o sedimentos 
de la península ibérica (Fraga & Sánchez, 1985, Bravo et al., 2006), Nueva 
Zelanda (Mackenzie et al., 1996), Perú (Sánchez et al., 2004), y Japón (Nagai et 
al., 2010). Aunque A. ostenfeldii fue inicialmente descrito en las costas de Perú—
como A. peruvianum por Balech & de Mendiola, 1977—muy poco se conoce aún 
acerca de su distribución y sus toxinas en Sudamérica. En el Pacífico chileno su 
presencia ha sido citada tanto en el norte, centro, y sur del país (Guzmán et al., 
2011; Salgado et al., 2012, 2013), aunque con presencia notoriamente más habitual 
en todo el sistema de fiordos y canales de la Patagonia (~41.5–55ºS; Guzmán et al., 
2011; Guzmán et al., 2015). Su distribución más austral (~55º S) corresponde 
actualmente al Canal Beagle (Almandoz et al., 2014), que es compartido por Chile 
y Argentina. Alexandrium ostenfeldii ha sido considerado presentarse comúnmente 
en bajas concentraciones junto a otros dinoflagelados formadores de floraciones. 
Sin embargo, durante la última década sus floraciones masivas y cada vez mas 
frecuentes han sido reportadas en distintas áreas costeras, tales como sistemas 
estuarinos de Holanda (Van de Waal et al., 2015), Mar Báltico (Kremp et al., 2009) 
y costa este de Estados Unidos (Tomas et al., 2012). 
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3.1.2. Toxinas 

Alexandrium ostenfeldii es el único miembro del género Alexandrium capaz de 
producir toxinas PSP, SPXs, y GYMs (Cembella et al., 2000; Van Wagoner et al., 
2011; Artículo I de esta tesis). La producción de estas toxinas puede variar de 
acuerdo a la cepa y a su distribución geográfica. Inicialmente, las toxinas PSP en 
A. ostenfeldii fueron detectadas en cepas aisladas desde un fiordo Danés (Hansen et 
al., 1992), un descubrimiento que luego fue confirmado en cepas provenientes 
desde lugares tan distantes como el Mar Báltico (Kremp et al., 2014) y los fiordos 
chilenos (Pizarro et al., 2012; Artículo I de esta tesis). Sin embargo, la especie se 
vincula cada vez con mayor frecuencia a la producción de SPXs y GYMs. Los 
SPXs fueron descubiertos inicialmente en glándulas digestivas de mariscos (Hu et 
al., 1995) y luego en cepas de A. ostenfeldii del Atlántico canadiense (Cembella et 
al., 2000). Aunque los primeros estudios identificaron los espirólidos A, B, C y D, 
además de los isómeros C y D y algunos derivados (13-desMetil-SPX C y D), 
estudios posteriores indicaron que la diversidad de este grupo de compuestos 
producidos por A. ostenfeldii era mucho mayor (Ciminiello et al., 2006, 2007; 
Tillmann et al., 2014). Dentro del grupo de toxinas producidas por A. ostenfeldii 
los SPXs han sido los más documentados, sin embargo, en los últimos años la 
detección de GYMs se ha hecho cada vez más frecuente (Van Wagoner et al., 
2011; Martens et al., 2017, Artículo I de esta tesis). Antes del primer 
descubrimiento de GYMs en A. ostenfeldii de la costa Este de Estados Unidos 
(Van Wagoner et al., 2011) estas toxinas solo habían sido encontradas en el 
filogenéticamente distante género Karenia (Haywood et al., 2004). Posteriormente 
se identificaron en cepas de A. ostenfeldii provenientes de los Países Bajos (Van de 
Waal et a., 2015), y en el Artículo I y II de esta tesis se describe y se cuantifica, 
respectivamente, en una cepa del Mar Báltico. La diversidad de compuestos 
perteneciente al grupo de las GYMs que han sido identificado en A. ostenfeldii en 
los últimos años (Harju et al., 2016; Martens et al., 2017) indicaría que la 
producción de estas toxinas puede ser un rasgo más común de lo que se pensaba. 
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3.2. Protoceratium reticulatum 

Protoceratium reticulatum fue descrito inicialmente como Peridinium reticulatum 
por Claparède y Lachmann (1858–1859) y posteriormente traspasado al género 
Protoceratium por Bütschli (1885). Cuando Reinecke (1967) describió Gonyaulax 
grindleyi desde Bahía Elands en Sudáfrica como una nueva especie—
probablemente desconociendo el trabajo realizado anteriormente por Bütschli 
(1885)—creó una confusión de nombres ya que correspondía exactamente a P. 
reticulatum. Actualmente, ambas especies son consideradas como sinónimos pero 
el nombre de esta última tuvo prioridad por antigüedad. 

Protoceratium reticulatum (Fig. 7) es considerado un importante dinoflagelado 
dentro del fitoplancton marino debido a su amplia distribución geográfica y a la 
producción de yesotoxinas (YTXs) (Paz et al., 2004, 2007). Sus células vegetativas 
tienen una forma subesferoidal cuando se observan en vista ventral y dorsal (Fig. 
7A–C), y casi redondas en vista apical y antapical. El tamaño de esta especie puede 
variar entre 24 y 52 µm de largo y entre 20 y 43 µm de ancho. Su morfología 
destaca frente a otros dinoflagelados debido a que presenta una teca fuertemente 
ornamentada con retículos (Figs. 3C y 7C). Su  epiteca es más corta que la hipoteca 
y no presenta cuernos ni espinas (Reinecke, 1967). Se ha mencionado que la fuerte 
reticulación puede ocultar las suturas que demarcan los bordes de las placas 
haciendo que sea difícil realizar estudios taxonómicos detallados sin una tinción 
adecuada (e.g. Calcofluor). La placa 1' se caracteriza por ser un poco más larga que 
ancha, por presentar un poro ventral en su borde anterior derecho y por contactar 
claramente la placa sulcal anterior (Sa) (Fig. 7C). La tabulación de sus placas es 
Po, 4', 0a, 6'', 6c, ~7s, 5''', 0p, 2'''', aunque también se ha mencionado que en lugar 
de cuatro placas apicales—como se documenta en esta tesis—tiene tres apicales y 
una intercalar (Reinecke, 1967). La diferente interpretación está basada en que 
algunas cepas presentan células en que la primera placa intercalar (1a según 
sistema de Kofoid) no toca la placa del poro apical (Po), mientras que en otras sí lo 
hace, por lo cual debiera ser considerada como parte de las placas apicales y no de 
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las intercalares. Debido a que en una misma cepa una placa no puede ser nombrada 
de distinta forma, se ha adoptado una versión relajada del sistema de nomenclatura 
de Kofoid denominándola como tercera apical (3') debido a que ésta es 
probablemente la placa homóloga de la intercalar 1a (Fensome et al., 1993). La 
variabilidad de contacto de esta placa con la Po ha sido mencionada en otros 
estudios de P. reticulatum (ver Woloszynka, 1928; von Stosch, 1969; Hansen et 
al., 1996/97; Sala-Pérez et al., 2016; Artículo V de esta tesis) y en la descripción de 
la nueva especie del género Ceratocorys, C. mariaovidii, presentada en el Artículo 
III de esta tesis. 

 

 

Fig. 7. Imágenes de microscopía de luz de Protoceratium reticulatum. (A) Célula 
vegetativa. (B) Célula teñida con Calcofluor. (C) Célula teñida con Calcofluo en vista 
ventral. (D) Quiste de resistencia. Barras de escala 10 µm. 1': primera placa apical; Sa: 
placa sulcal anterior. 

Protoceratium reticulatum es una especie fototrófica que contiene cloroplastos 
que irradian desde el centro de la célula (Hansen et al. 1996/97). Una de sus 
peculiaridades es la producción de bioluminiscencia (Poupin et al., 1999) al igual 
que Lingulodinium polyedrum, otro dinoflagelado productor de yesotoxinas (Paz et 
al., 2004). Los estudios que tratan sobre la biología de P. reticulatum son muy 
escasos. Gran parte de los trabajos realizados sobre esta especie se centran en las 
toxinas (Aasen et al., 2005; Guerrini et al., 2007; Paz et al., 2004), la distribución 
espacio-temporal de sus quistes de resistencia (Marret & Zonneveld, 2003) y el 
potencial de estos últimos como proxy ambiental (Mertens et al., 2011; Jansson et 
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al., 2014; Sildever et al., 2015). Este dinoflagelado posee un ciclo de vida 
heteromórfico (Artículo V). En el ciclo se produce un estado no móvil (quiste de 
resistencia, Fig. 7D) cuya pared está formada de sustancias orgánicas con un alto 
potencial de preservación. Braarud (1945) fue el primer autor quien describió los 
quistes de P. reticulatum, los cuales se caracterizan por presentar una forma 
esférica con una gruesa pared de la cual emergen numerosos procesos delgados 
con extremos planos (Marret & Zonneveld, 2003). Se ha determinado que el 
número y la longitud de estos procesos, como también los de L. polyedrum, está 
asociada principalmente a la salinidad del mar en el momento de su formación 
(Mertens et al., 2011; Sildever et al., 2015). 

3.2.1. Distribución geográfica 

Protoceratium reticulatum es una especie que se encuentra ampliamente 
distribuida en áreas costeras de todo mundo. Su forma móvil y bentónica se 
encuentra en zonas frías y templadas del Atlántico, tales como Groenlandia, Mar 
del Norte, Mar Báltico, Patagonia argentina, Mar Mediterráneo y África occidental 
(e.g. Hansen et al., 1996/97; Marret & Zonneveld 2003; Mertens et al., 2011; 
Akselman et al., 2015; Sala-Pérez et al., 2016); y también en el áreas del Pacífico 
oriental y occidental, tales como Chile, Japón, Australia y la costa oeste de Estados 
Unidos (Deflandre & Cookson, 1955; Seguel et al., 2010; Álvarez et al., 2011; 
Alves-de-Souza et al., 2014; Guzmán et al., 2015). Se ha identificado también en 
zonas más cálidas como el Golfo de México, Pacífico Mexicano, y Belice 
(Scorzetti et al., 2009; Hernández-Becerril et al., 2010; EOL, 2017); aunque es más 
frecuente en zonas templadas. En Chile se encuentra en las costas norte y sur 
(Seguel et al., 2010; Álvarez et al., 2011), aunque su presencia es notablemente 
mayor en aguas de las regiones australes. En el sur de Chile ha sido registrada en 
las Regiones de Los Lagos, Aysén y Magallanes (~41.5–53º S), mientras que por el 
norte, solo en la región de Antofagasta (~23º S). Se ha mencionado su presencia en 
Los Lagos principalmente en los meses de verano (diciembre a febrero) y una 
floración fue correlacionada positivamente con alta concentración de YTXs en 
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bivalvos y en muestras de plancton (Alves-de-Souza et al. 2014). En la Región de 
Aysén—ubicada al sur de Los Lagos—la fase móvil es escasa en agosto (invierno 
austral) y noviembre (primavera austral) pero sus quistes en este período están 
distribuidos en los sedimentos de toda el área (Seguel et al. 2010). En el norte del 
país (Bahía Mejillones en la Región de Antofagasta) P. reticulatum también 
produce floraciones que han sido asociadas a procesos físico–biológicos. Álvarez 
et al. (2011) reportó una floración en verano de 2007, la cual se habría iniciado en 
alta mar por células móviles y quistes durante un pulso de surgencia, y habría sido 
empujada hacia la costa por efecto de la relajación de la surgencia. En aquel 
estudio se confirmó la capacidad de P. reticulatum del norte de Chile de producir 
YTXs. Otras floraciones también han sido documentadas en distintas zonas 
templadas del planeta como Flødevigen en Noruega (Aasen et al., 2005) y en el 
norte de Japón (Koike et al., 2006). Todos estos eventos han hecho que P. 
reticulatum sea habitualmente incluido en  estudios de especies nocivas. 

3.2.2. Toxinas 

La yesotoxina (YTX) y los análogos 45-hidroxiyesotoxina (45–OHYTX) y 
45,46,47–trinoryesotoxina (norYTX) fueron aislados por primera vez desde 
glándulas digestivas del ostión Patinopecten yessoensis en Bahía Mutsu, Japón a 
raíz de un episodio de intoxicación alimentaria con toxinas diarreicas (toxinas 
DSP) (Murata et al., 1987). Posteriormente las YTXs fueron identificadas en 
diferentes bivalvos (e.g. Mytilus edulis, M. galloprovincialis, M. chilensis, Perna 
canaliculus) en Noruega (Lee et al., 1988), Rusia, Chile, Nueva Zelanda 
(Yasumoto and Takizawa, 1997) e Italia (Ciminiello et al., 1997). Más tarde la 
producción de estas toxinas fue confirmada en el dinoflagelado P. reticulatum 
(Satake et al., 1997a, 1999; Boni et al., 2001). 

Las YTXs son un grupo de toxinas poliéter disulfatadas cuyo peso molecular 
varía entre 955 y 1551 (mu). Su estructura química se caracteriza por contener 11 
anillos éter adyacentes y se asemeja a la de otras ficotoxinas como las brevetoxinas 
y ciguatoxinas (Rodríguez et al., 2015). Teóricamente se han descrito alrededor de 
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100 análogos de YTXs, pero la estructura de la mayoría todavía no ha sido 
elucidada. Varios análogos también han sido reportados desde los dinoflagelados 
L. polyedra, Gonyaulax spinifera y Gonyaulax taylorii (Satake et al., 1997b; 
Rhodes et al., 2006; Álvarez et al., 2016) aunque P. reticulatum es responsable de 
la mayor parte de análogos encontrados posiblemente debido a que al ser el mayor 
productor de YTXs es la especie más estudiada (Paz et al., 2007). Algunas YTXs 
son producidas directamente por las microalgas, mientras que otros compuestos se 
producen por transformaciones enzimáticas ocurridas en los mariscos. Por ejemplo, 
la YTX y homoYTX son producidas por dinoflagelados, mientras que la 45–
hidroxyYTX o la carboxyYTX han sido aisladas sólo a partir de bivalvos (Alfonso 
et al., 2016). En los moluscos, las YTXs sufren un extenso metabolismo con una 
vida media de 20–24 días (Aasen et al., 2005). Extracelularmente también se ha 
registrado la presencia de YTXs, lo cual indica que P. reticulatum libera las 
toxinas (exotoxina) al medio acuoso circundante (Hess & Aasen, 2007). 

La inclusión de las YTXs en la lista de toxinas marinas se debe a que estos 
compuestos son tóxicos para ratones de laboratorio cuando se les inyecta 
intraperitonealmente, aunque su toxicidad oral es baja y no hay registros de 
intoxicaciones en humanos (Munday et al., 2008). Inicialmente las YTXs se 
incluían dentro del complejo DSP pues los dos grupos de toxinas son lipofílicas, 
por lo cual se extraían conjuntamente. La clasificación actual tiene en cuenta los 
efectos biológicos y por tanto se han excluido del complejo DSP puesto que no 
inhiben las proteínas fosfatasas y por tanto no tienen efecto diarreogénico (Ogino 
et al., 1997). El 31 de Diciembre de 2014, en la UE se reemplaza el bioensayo de 
ratón (AOAC, 1990) por métodos analíticos basados en cromatografía líquida 
acoplada a espectrometría de masas (LC-MS/MS) siguiendo el procedimiento 
oficial de análisis de la EFSA (EFSA Panel, 2010). Por otro lado, se ha descubierto 
que las YTXs son potentes citotoxinas (Pérez-Gómez et al., 2006) lo cual ha 
llevado a Autoridades Europeas  establecer un nivel máximo permitido en mariscos 
para la suma de YTXs de 1 mg de YTX equivalentes/Kg.	
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Objetivos y contenido de la tesis 

Las FANs producidas por dinoflagelados son recurrentes en aguas costeras de todo 
el planeta y pueden ser eventos locales o afectar grandes áreas. En cualquier caso, 
pueden perjudicar la salud humana, los ecosistemas marinos y los recursos como el 
turismo, la pesca y la acuicultura. Aunque las medidas para contrarrestar las FANs 
son aún escasas, es claro que el control de estos eventos requiere de un 
conocimiento detallado de sus características básicas, como por ejemplo las 
estrategias adaptativas de las especies responsables, los factores ambientales que 
regulan a estas especies, y la taxonomía, genética y toxinas de las especies 
involucradas. Este tipo de estudios son necesarios debido a que el impacto de las 
FANs depende de las características intrínsecas de cada especie, de la dinámica de 
la floración y de las condiciones del ambiente. 

Entre la gran mayoría de las microalgas productoras de eventos FANs, los 
dinoflagelados destacan por su nocividad. Este grupo tiene como característica 
general presentar organismos con complejos ciclos de vida que incluyen estados 
celulares con marcadas diferencias morfológicas y fisiológicas. Las transiciones 
entre las fases asexual y sexual y/o entre los diferentes estados en ciclos de vida 
heteromórficos requieren estudios detallados para comprender la dinámica de sus 
floraciones. Además, es importante conocer los factores ambientales que regulan 
su crecimiento y sus estrategias de supervivencia. 

El trabajo de investigación de esta tesis tiene como objetivo principal 
profundizar en el conocimiento de las estrategias de supervivencia y producción de 
toxinas de dos dinoflagelados marinos productores de eventos FANs: Alexandrium 
ostenfeldii y Protoceratium reticulatum, especies que actualmente presentan 
lagunas de conocimiento respecto a sus características básicas tanto en poblaciones 
del sur de Chile como en muchas otras zonas geográficas. En las dos especies se 
necesitó la realización de estudios genéticos y morfológicos para la definición 



Objetivos y contenido de la tesis 

	 34 

detallada de las mismas. En concreto, los objetivos específicos se centraron en el 
estudio de: 

1) Genética, morfología, y condiciones óptimas de crecimiento y producción de 
toxinas de A. ostenfeldii del Mar Mediterráneo, Mar Báltico, y sur de Chile bajo 
diferentes condiciones de salinidad y temperatura (Artículos I y II). 

2) Genética, morfología y toxinas de las cepas de P. reticulatum de la Colección de 
Cultivos del Centro Oceanográfico de Vigo (CCVIEO) (Artículos III y IV). Aquí 
se describe la nueva especie de dinoflagelado marino Ceratocorys mariaovidii 
(Artículo III) y un estado desconocido del ciclo de vida de P. reticulatum y de C. 
mariaovidii (Artículo IV). 

3) Ciclo de vida de P. reticulatum (Artículo V). Se determinan los patrones de 
división asexual y la fase sexual de la especie; se caracterizan las diferentes fases 
del ciclo de vida; y se estudian los procesos de enquistamiento y germinación. 

 

Con el fin de cumplir el objetivo principal, se realizaron los siguientes trabajos 
de investigación incluidos en esta memoria: 

I Salgado, P., Riobó, P., Rodríguez, F., Franco, J.M. & I. Bravo. 2015. 
Differences in the toxin profiles of Alexandrium ostenfeldii (Dinophyceae) 
strains isolated from different geographic origins: Evidence of paralytic 
toxin, spirolide, and gymnodimine. Toxicon 103:85–98. 

II Salgado, P., Vázquez, J.A., Riobó, P., Franco, J.M., Figueroa, R.I., 
Kremp, A. & I. Bravo. 2015. A kinetic and factorial approach to study the 
effects of temperature and salinity on growth and toxin production by the 
dinoflagellate Alexandrium ostenfeldii from the Baltic Sea. PLoS ONE:10, 
e0143021 
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III Salgado, P., Fraga, S., Rodríguez, F., Riobó, P. & I. Bravo. Ceratocorys 
mariaovidii sp. nov. (Gonyaulacales), a new dinoflagellate species 
previously reported as Protoceratium reticulatum. Journal of Phycology 
XX:XX–XX (Aceptado). 

IV Salgado, P., Fraga, S., Rodríguez, F. & I. Bravo. Benthic flattened cells of 
the phylogenetically related marine dinoflagellates Protoceratium 
reticulatum and Ceratocorys mariaovidii: a new type of cyst? Journal of 
Phycology XX:XX–XX (Aceptado). 

V  Salgado, P., Figueroa, R.I., Ramilo, I. & I. Bravo. 2017. The life history of 
the marine dinoflagellate Protoceratium reticulatum (Dinophyceae) in 
culture. Harmful Algae 68:67–81. 

 

Anexos 

 I Salgado P, Riobó P, Rodríguez F and Bravo I (2016). Life cycle, 
toxinological features, and genetic characterization of the Harmful Algal 
Bloom producer dinoflagellate Protoceratium reticulatum from the austral 
coast of Chile (~44º–53º S). Front. Mar. Sci. Conference Abstract: XIX 
Iberian Symposium on Marine Biology Studies, Porto, Portugal, 5 Sep - 9 
Sep. 
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Discusión de los resultados 

1. Estudio de Alexandrium ostenfeldii 

1.1. Distribución geográfica y diferenciación de perfiles de toxinas 

En los últimos años se ha demostrado que A. ostenfeldii es capaz de producir una 
amplia variedad de toxinas por lo que su estudio resulta de gran interés, más aún si 
es el único dinoflagelado que presenta esta particular característica. En el Artículo 
I se estudiaron cepas de A. ostenfeldii provenientes de distintas áreas geográficas: 
Mar Mediterráneo, Mar Báltico, y sur de Chile. El propósito fue obtener 
poblaciones provenientes de condiciones ambientales diferentes y ver diferencias 
en los perfiles de toxinas cuando eran expuestas a diversas condiciones de 
salinidad y temperatura. Los resultados mostraron que la cepa del Mediterráneo 
produjo sólo SPXs, la del Báltico toxinas PSP y GYMs, y la del sur de Chile sólo 
toxinas PSP. Entre estas cepas se observó una diferenciación a nivel de perfiles de 
toxinas, morfología, y genética, aunque los perfiles de las cepas de cada área 
geográfica fueron siempre constantes bajo las distintas condiciones experimentales, 
no así el contenido de toxina que se sabe es modulado por factores ambientales 
(Maclean et al., 2003; Tatters et al., 2012). En el artículo se corrobora mediante 
morfología y genética que A. ostenfeldii y A. peruvianum corresponden a la misma 
especie y que A. peruvianum debe ser considerado actualmente como un sinónimo 
de A. ostenfeldii por su antigüedad taxonómica (e.g. Kremp et al., 2014, Tillmann 
et al., 2014). 

Además en el Artículo I se incluye una tabla con gran parte de la información 
bibliográfica que hay hasta la fecha sobre tipos de toxinas producidas por A. 
ostenfeldii (considerando lo citado previamente como A. peruvianum) de muy 
diversos orígenes geográficos. Esta tabla ordena toda la información que estaba 
muy dispersa, por lo que facilita su comparación y pone de manifiesto una alta 
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diversidad de compuestos producidos por la especie. Como resumen se puede 
apuntar que: 1) el tipo de toxina más frecuentemente identificada en A. ostenfeldii 
son los espirólidos (SPXs); 2) se observan variadas combinaciones de toxinas 
dependiendo de las cepas y del origen geográfico (toxinas PSP/SPXs, toxinas 
PSP/GYMs y SPXs/GYMs); y 3) la producción de las tres toxinas distintas sólo 
fue documentada en muy pocos casos, siendo uno de ellos A. ostenfeldii de la costa 
este de USA (Borkman et al., 2012). Además, el estudio comparativo arrojó que 
los perfiles se encuentran mayormente distribuidos por áreas: 1) Los SPXs y las 
toxinas PSP aparecen de forma bastante consistente en el Atlántico norte, Mar 
Mediterráneo y Mar Báltico. 2) Las cepas del Atlántico norte y Mar mediterráneo 
fueron mayormente caracterizados por producir SPXs. 3) Las cepas del Mar 
Báltico se caracterizaron por producir principalmente toxinas PSP. Sin embargo, 
para sacar conclusiones definitivas sobre estas regiones, como sobre otras menos 
estudiadas como el sur de Chile, se requieren todavía más estudios. 

 

1.2. Crecimiento y producción de toxinas 

La capacidad de A. ostenfeldii del Mar Báltico de producir dos tipos de toxinas 
distintas (toxinas PSP y GYMs) generó el interés de estudiar en detalle el efecto 
conjunto de la salinidad y la temperatura sobre el crecimiento y la producción de 
toxinas mediante un análisis de diseño factorial. Los resultados presentados en el 
Artículo II describen las cinéticas de crecimiento así como las cinéticas de 
producción de un análogo de GYM-A y de toxinas PSP las cuales ocurrieron, en la 
mayoría de los casos, concomitantemente a la cinética de crecimiento (fases 
exponencial y estacionaria). Este comportamiento ha sido reportado también para 
otras especies de Alexandrium de diversos orígenes geográficos (Hwang et al., 
2000; Grzebyk et al., 2003; Wang & Hsieh, 2005), como también para el productor 
de yesotoxinas Protoceratium reticulatum (Paz et al., 2006). Sin embargo, a 
diferencia de lo ocurrido con la mayoría de las condiciones experimentales 
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utilizadas, en condiciones con baja temperatura (12.5ºC y 14ºC) la producción de 
toxinas no fue consistente con el crecimiento. Este resultado podría estar 
relacionado con la inducción de sexualidad, la cual fue demostrada por la 
observación de planocigotos y de un mayor número de quistes de resistencia en 
bajas temperaturas. 

El uso del enfoque cinético y factorial es una herramienta de gran utilidad que 
permitió estudiar la ventana ambiental de crecimiento de A. ostenfeldii del Mar 
Báltico. Información de este tipo es esencial para especies que cuentan con una 
amplia distribución geográfica y para las cuales se carece de información 
ecológica, tal como ocurre con A. ostenfeldii. La ventana de crecimiento de la cepa 
estudiada fue amplia (5–21 y 12.5–25.5ºC, respectivamente), alcanzando un 
crecimiento óptimo a una salinidad de 11.2 y a una temperatura de al menos 
25.5ºC, lo cual particularmente para la salinidad concuerda con estudios llevados a 
cabo con cepas de la especie provenientes de la misma área geográfica (Kremp et 
al., 2009). Los resultados principalmente de temperatura de la cepa báltica apoyan 
las preocupaciones expresadas por otros investigadores con respecto al potencial 
aumento de las floraciones de esta especie como una posible respuesta al cambio 
climático (Kremp et al., 2012). Análisis de este tipo son adecuados para estudiar 
tanto la variabilidad intraespecífica dentro de una región geográfica, como con 
poblaciones de otras regiones para conocer y ampliar el conocimiento de la 
autoecología de la especie. 

 

2. Estudio de Protoceratium reticulatum 

El estudio de P. reticulatum se realizó inicialmente mediante el análisis genético, 
toxinológico, y morfológico de las cepas incluidas en la Colección de Cultivos del 
centro Oceanográfico de Vigo (CCVIEO). Los resultados obtenidos permitieron 
identificar que dentro del grupo de cepas identificadas como P. reticulatum, dos de 
ellas presentaban una notoria variabilidad genética, las cepas CCMP404 y 
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CCMP1720, ambas provenientes de Estados Unidos. La variabilidad señalada 
había sido ya mencionada en estudios preliminares (Akselman et al., 2015; Sala-
Pérez et al., 2016) los cuales habían dado luces de una posible nueva especie. En 
los análisis de toxinas realizados con ambas cepas no se detectaron yesotoxinas 
(YXTs), lo cual coincidió con los resultados de Paz et al. (2007). Sin embargo, 
fueron los estudios morfológicos junto con los genéticos los que mostraron 
definitoriamente que las cepas CCMP404 y CCMP1720 constituían una nueva 
especie del género Ceratocorys, la cual fue descrita en el Artículo III como 
Ceratocorys mariaovidii. Hasta el momento, esta nueva especie es la más distinta 
del género Ceratocorys y la más parecida al género Protoceratium. 

 

2.1. Descripción de Ceratocorys mariaovidii sp. nov. 

En el Artículo III de esta tesis se describe Ceratocorys mariaovidii. 
Morfológicamente se diferenció de P. reticulatum principalmente por: 1) la 
ausencia de una de sus placas epitecales—la cuarta precingular (4'')— y 2) la 
presencia de cinco placas precingulares. Este último rasgo ha sido documentado 
para el género Ceratocorys (Fensome et al., 1993; Carbonell-Moore, 1996), 
mientras que las seis precingulares que presenta P. reticulatum es común dentro de 
orden Gonyaulacales (Balech 1988), del cual Ceratocorys también forma parte 
(Graham, 1942). Estas diferencias morfológicas claves fueron pasadas por alto 
durante varias décadas probablemente debido a que, al igual como ocurre con P. 
reticulatum, C. mariaovidii presenta una superficie tecal fuertemente reticulada 
que impide distinguir con claridad la tabulación y orientación de las placas 
(Hargraves & Maranda, 2002). En el Artículo III, entre otros caracteres 
morfológicos de esta nueva especie, se resalta la forma del poro apical de la placa 
Po, un carácter específico de géneros de dinoflagelados (Karen A. Steidinger, 
comunicación personal). Las interrogantes que se presentan en el trabajo en torno a 
este tema deben ser resueltas en estudios que incluyan cepas obtenidas desde las 
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localidades tipo de cada una de las especies de los dos géneros con la finalidad de 
realizar análisis morfométricos, estudios de placas—particularmente la Po—y de 
sus secuencias genéticas, validando de esta manera la tabulación de placas de cada 
especie y su identidad. 

Los análisis filogenéticos apoyaron la clasificación de C. mariaovidii como una 
nueva especie del género Ceratocorys. Aunque debido a la falta de secuencias 
adicionales de especies de Ceratocorys—existe sólo la de C. horrida—el clado 
monofilético de Ceratocorys presentado en el Artículo III no fue bien definido. 
Basados sobre criterios taxonómicos actuales y a la falta de secuencias que 
entregaran más información, se consideró que la integración de C. mariaovidii en 
el género Ceratocorys era la acción más adecuada en este momento. Esta 
integración además es apoyada por la estrecha relación filogenética entre el género 
Ceratocorys y Protoceratium (Saldarriaga et al., 2004; Gómez et al., 2011). 

La distribución de C. mariaovidii indica que es una especie de aguas cálidas. La 
especie ha sido aislada desde el mar de Salton—un lago hipersalino que presenta 
temperaturas anuales entre 12ºC  y 40ºC (Reifel et al., 2002)—ubicado al sureste 
de California, y desde aguas del sur de Florida (NCMA, 2017). Además se puede 
deducir su presencia desde información proveniente de la costa de Belice (Faust et 
a., 2005; EOL, 2017). Un hecho interesante es la presencia de P. reticulatum en 
estas últimas dos zonas (Scorzetti et al., 2009; EOL, 2017). Adicionalmente se 
sospecha fuertemente de la presencia de C. mariaovidii en aguas de Kuwait (María 
Saborova (María Saborova, comunicación personal) pero aún requiere estudios 
definitorios. La correcta identificación y clarificación de qué especie o especies 
están presentes en una zona determinada es esencial dada la toxicidad de P. 
reticulatum pero no de C. mariaovidii. 
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2.2. Células planas de P. reticulatum y C. mariaovidii  

Durante los diversos estudios de C. mariaovidii y P. reticulatum, en los cultivos de 
las dos especies se observaron células con una morfología diferente a la 
característica de cada especie, pero que sin embargo seguían conservando la 
tabulación de las placas tecales. La morfología de estas células, así como su 
tabulación y cinética de formación, se describen en el Artículo IV, donde también 
se discute si pueden constituir un tipo de quiste. De hecho, algunas características 
mostradas en diferentes grados en las células planas sugieren que son quistes, 
como por ejemplo su comportamiento bentónico y mayormente inmóvil, la forma 
irradiada de los cloroplastos que se concentran en el centro de las células, los 
gránulos de reserva, el citoplasma reducido, la ecdisis, y la formación y división de 
nuevas células vegetativas después de ser transferidas a medio repleto de 
nutrientes. Sin embargo, el hecho de tener flagelos hace que sean distintas a 
cualquier tipo de célula que haya sido denominada como quiste (Garcés et al., 
2001; Von Dassow & Montresor, 2011). En cualquier caso, su existencia sugiere 
para las dos especies una elevada plasticidad en relación a su adaptabilidad desde 
plancton al bentos y viceversa, como ya se ha sugerido para dinoflagelados u otros 
grupos de organismos planctónicos (Boero et al., 1996; Marcus & Boero 1998). 
Dada la complejidad de formas bentónicas en morfología y función descritas en las 
últimas décadas en dinoflagelados (Kremp 2013; Bravo & Figueroa 2014), las 
cuales han demostrando un acoplamiento del plancton al bentos mucho más 
continuo de lo que se pensaba, en la discusión del Artículo IV se incluye un debate 
sobre los diversos tipos de quistes en dinoflagelados y cuál de ellos podría 
asimilarse mejor a las células planas descritas. 

 

2.3. Ciclo de vida de P. reticulatum 

En el Artículo V se describe por primera vez el ciclo de vida de P. reticulatum en 
cultivo. En esta publicación no se incluye la célula plana (descrita en Artículo IV), 
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sin embargo se debe destacar que este estado también forma parte del ciclo de vida 
de P. reticulatum. La célula plana junto con el ya descrito anteriormente quiste de 
resistencia (Braarud, 1945; Wall & Dale, 1968) pone de manifiesto la gran 
plasticidad ecológica que poseería esta especie a la hora de adaptarse a diferentes 
ambientes, lo cual podría estar relacionado con su amplia distribución geográfica 
(Marret & Zonneveld, 2003; de Vernal & Marret, 2007). El largo periodo de 
latencia (~4 meses) descrito en el Artículo V para el quiste de resistencia, en 
oposición a la rápida reversibilidad de las células planas (Artículo IV), revela una 
función diferente para cada una de estas formas bentónicas y por lo tanto más 
versatilidad ecológica para la especie. 

Además de las características de la división vegetativa (estudio morfológico y 
del ciclo celular por citometría), en el Artículo V se ponen de manifiesto 
peculiaridades importantes de su ciclo sexual: 1) su cualidad de heterotálico 
complejo en relación a la formación de quistes de resistencia, pero homotálico en 
relación a la formación de planocigotos; 2) la elevada diferenciación de formas 
nucleares de los estados sexuales demuestran una destacada división sexual tanto 
en número y formas diferenciadas; y 3) una de las células hijas resultante de la 
primera división de los planocigotos y planomeiocitos (éste último referido en el 
artículo como germling) es biflagelada. Estos resultados sugieren la posibilidad de 
que las diferentes formas de división de los planocigotos y planomeiocitos 
detectados a través de las distintas configuraciones nucleares pudieran 
corresponder a mitosis y meiosis y no sólo a esta última cómo correspondería en 
relación al ciclo haplóntico descrito para dinoflagelados. Este punto es de gran 
interés en dinoflagelados ya que muy recientemente se han publicado trabajos que 
sugieren la ocurrencia de división mitótica en P. kofoidii (Tillmann & 
Hoppenrrath, 2013) y A. minutum (Figueroa et al 2015). 
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Conclusiones 

1. Alexandrium ostenfeldii puede producir toxinas paralizantes (toxinas PSP), 
espirólidos (SPXs), y gimnodiminas (GYMs), por ello los estudios 
toxinológicos de la especie deben considerar estos tres grupos de 
compuestos. En esta tesis se observaron diferentes perfiles de toxinas los 
cuales dependieron de la distribución geográfica de las cepas. Mientras que 
la cepa del Mar Mediterráneo produjo SPXs, el perfil de la cepa del Mar 
Báltico estuvo definido por toxinas PSP y GYMs, y la del sur de Chile sólo 
por toxinas PSP. 
 

2. Las cepas de A. ostenfeldii procedentes del Báltico y del sur de Chile 
estudiadas en esta tesis presentaron el mismo perfil de toxinas paralizantes: 
GTX–3, GTX–2, y STX. Este perfil como los otros se mantuvieron 
invariables frente a distintas condiciones ambientales de salinidad y 
temperatura pero se modificó el contenido de toxina por célula. 
 

3. El diseño factorial resultó ser una herramienta estadística adecuada para 
estudiar con un número reducido de experimentos la ventana ambiental y 
los óptimos de crecimiento y producción de toxinas de A. ostenfeldii 
Báltico a diferentes condiciones de temperatura y salinidad. El aumento de 
temperatura estimuló el crecimiento y la producción de toxinas (toxinas 
PSP y un análogo de GYM-A) y salinidades por encima de 21 limitaron el 
crecimiento de la cepa. El crecimiento óptimo se consiguió a una 
temperatura de 25.5ºC y a una salinidad de 11.2. Los óptimos de 
temperatura y salinidad para la producción del análogo de GYM-A fueron 
20.9ºC  y salinidad 17, y para las toxinas PSP a >19ºC y salinidad 15. 
 



Conclusiones 

	 50 

4. La caracterización morfológica y genética de dos cepas de la colección de 
cultivos CCVIEO, originariamente identificadas como Protoceratium 
reticulatum, permitió la diferenciación y descripción de una nueva 
especies del género Ceratocorys, Ceratocorys mariaovidii. Esta especie no 
produce toxinas y se diferencia de P. reticulatum principalmente por la 
presencia de cinco placas precingulares en vez de seis. Para una correcta 
caracterización ecológica y biogeográfica de estas dos especies se hace 
necesario el uso de técnicas morfológicas y/o genéticas que las 
discriminen. Lo que se sabe hasta ahora sobre la distribución de C. 
mariaovidii indicaría que esta especie es de aguas cálidas. 
 

5. Protoceratium reticulatum presentó un ciclo de vida heteromórfico 
caracterizado por células vegetativas haploides móviles, planocigotos, 
quistes de resistencia sexuales, y formas bentónicas aplanadas y flageladas. 
Como conclusiones se destacan: 1) heterotalismo complejo en relación a la 
formación de quistes de resistencia pero homotalismo en relación a la 
formación de planocigotos; 2) abundancia de división de planocigotos y 
abundante presencia de quistes sexuales; 3) el tiempo de latencia del quiste 
de resistencia fue de ~4 meses.	
 

6. El proceso de aplanamiento de las células en cultivos de P. reticulatum y 
C. mariaovidii y la pérdida de sus placas reticuladas por otras más finas y 
lisas, pero exactamente con la misma tabulación de cada especie, es un 
proceso por el momento de función desconocida pero que merece ser 
estudiado para entender la ecología de la especie. Estas células sugieren 
una adaptación adicional a ecosistemas con un fuerte acoplamiento 
plancto-bentónico, y probablemente contribuye a la supervivencia de la 
especie a diferentes condiciones ambientales.	
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a b s t r a c t

Among toxin-producing dinoflagellates of the genus Alexandrium, Alexandrium ostenfeldii is the only
species able to produce paralytic shellfish poisoning (PSP) toxins, spirolides (SPXs) and gymnodimines
(GYMs). In this study we characterized and compared three A. ostenfeldii strains isolated from the Baltic,
Mediterranean, and southern Chile Seas with respect to their toxin profiles, morphology, and phylogeny.
Toxin analyses by HPLCeFD and LCeHRMS revealed differences in the toxin profiles of the three strains.
The PSP toxin profiles of the southern Chile and Baltic strains were largely the same and included
gonyautoxin (GTX)-3, GTX-2, and saxitoxin (STX), although the total PSP toxin content of the Chilean
strain (105.83 ± 72.15 pg cell�1) was much higher than that of the Baltic strain (4.04 ± 1.93 pg cell�1).
However, the Baltic strain was the only strain that expressed detectable amounts of analogues of GYM-A
and GYM-B/-C (48.27 ± 26.12 pg GYM-A equivalents cell�1). The only toxin expressed by the Mediter-
ranean strain was 13-desmethyl SPX-C (13dMeC; 2.85 ± 4.76 pg cell�1). Phylogenetic analysis based on
the LSU rRNA showed that the studied strains belonged to distinct molecular clades. The toxin profiles
determined in this study provide further evidence of the taxonomic complexity of this species.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The frequency of harmful algal blooms (HABs) produced by
marine dinoflagellates has increased worldwide over the last
several decades, with serious negative impacts on public health and
on the economies of the affected areas (Hallegraeff, 2010). The
genus Alexandrium is one of the most important genera among HAB
species because of its toxicity and cosmopolitan distribution in the
coastal environments of sub-arctic, temperate, and tropical zones
(Anderson et al., 2012). Unlike other species of Alexandrium, and
most toxin-producingmicroalgae, which produce only a single type
of toxin, Alexandrium ostenfeldii produces toxins of two different
groups: paralytic or saxitoxins (STXs) and cyclic imines of the spi-
rolide (SPX) and gymnodimine (GYM) type (Hansen et al., 1992;
(IEO), Centro Oceanogr�afico
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Cembella et al., 2000; Van Wagoner et al., 2011). Of these, STXs
and their analogues are the most significant because they are
responsible for outbreaks of paralytic shellfish poisoning (PSP),
which pose a serious risk for environmental and human health
(Hallegraeff, 1993). Although SPXs and GYMs have yet to be linked
directly to human intoxications (Richard et al., 2001), these fast-
acting toxins induce the rapid death (within minutes) in labora-
tory mice injected intraperitoneally with toxic methanolic extracts
from shellfish contaminated with those lipophilic toxins
(Marrouchi et al., 2010; Otero et al., 2011). SPXs, and GYMs are
commonly co-extracted with other lipophilic toxins, such as the
diarrheic toxins okadaic acid and its analogues, which are produced
by several Dinophysis and Prorocentrum species. Thus, in HAB
monitoring programs, the presence of SPXs and GYMs in shellfish
samples can produce false-positives in mouse bioassay tests for the
detection of diarrheic shellfish poisoning toxins (Bir�e et al., 2002).

SPXs were first isolated and characterized from shellfish
collected along the southeastern coast of Nova Scotia, Canada (Hu
et al., 1995). Subsequently, A. ostenfeldii was identified as the pro-
ducer of these toxins (Cembella et al., 2000). However, some strains
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of A. ostenfeldii, from diverse geographic regions, also produce PSP
toxins (Hansen et al., 1992; MacKenzie et al., 1996; Lim et al., 2005;
Kremp et al., 2009; Borkman et al., 2012; Gu et al., 2013) (see
Table 1 for additional references). Moreover, this species was
recently confirmed to produce GYMs, which block acetylcholine
Table 1
Toxin profiles of A. ostenfeldii strains from different geographic origins worldwide.

Species Geographical location Region Type of toxins

PSPa SPXsb

A. ostenfeldii Åland, Finland (1) 2 ND
A. ostenfeldii Åland, Finland (1) 4 ND

A. ostenfeldii Gotland, Sweden (1) 2 ND
A. ostenfeldii Hel, Poland (1) 2 ND
A. ostenfeldii €Oresund, Denmark (1) 2 ND
A. ostenfeldii Baltic Sea (1) NI NI

A. ostenfeldii Åland, Finland (1) 3 ND
A. ostenfeldii Limfjord, Denmark (2) 6 NA
A. ostenfeldii Limfjord, Denmark (2) 12 NA
A. ostenfeldii Limfjord, Denmark (2) NA G; 13dMeC; 13,1
A. ostenfeldii Kattegat Sea, Denmark (2) 8 13dMeC; 13,19d
A. ostenfeldii Sognefjord, Norway (3) NA G; 20MeG
A. ostenfeldii Ouwerkerkse Kreek,

The Netherland
(3) 2 13dMeC

A. ostenfeldii Arcach�on, French (3) NA A; 13dMeC
A. ostenfeldii Bantry Bay, Ireland (3) ND C; D
A. peruvianum Lough Swilly, Ireland (3) ND 13dMeC; 13dMe
A. ostenfeldii East coast, Scotland (3) 1 20MeG
A. ostenfeldii Cork Harbour, Ireland (3) NA 13dMeC; 20MeG
A. ostenfeldii Coast, Norway (3) NA G; isoC; 13dMeC

19ddMeC; 20Me
A. ostenfeldii Skagerrak, North Sea (3) ND 20MeG; 13dMeC
A. ostenfeldii East coast, Scotland (3) ND 20MeG; 13dMeC
A. peruvianum Lough Swilly, Ireland (3) ND 13dMeC
A. ostenfeldii Fal River, UK (3) ND 13dMeC
A. ostenfeldii Breidafjord, Iceland (3) ND C; G; 13dMeC; 2
A. ostenfeldii Oslofjord, Norway (3) ND A; 13,19ddMeC
A. ostenfeldii North Sea, Norway (3) ND 20MeG
A. ostenfeldii North Sea, Scotland (3) ND 20MeG
A. ostenfeldii North Sea, Scotland (3) ND A; 13dMeC; 20M
A. ostenfeldii West and South coasts, Greenland (3) ND C; H; 13dMeC; 2

unknown SPXs
A. peruvianum Palam�os, Spain (4) ND B; C; D; 13dMeC
A. ostenfeldii Northern Adriatic Sea, Italy (4) NA 13dMeC; 13,19d

27OH13,19ddM
A. ostenfeldii Thermaikos Gulf, Greek (4) NA A; 13dMeC
A. ostenfeldii Northern Adriatic Sea, Italy (4) NA 27OH13dMeC; 2

19ddMeC
A. peruvianum Palam�os, Spain (4) ND 13dMeC
A. ostenfeldii Nova Scotia, Canada (5) NA A; B; C; D; D2; 1
A. ostenfeldii Nova Scotia, Canada (5) NA C; C3; 13dMeC;
A. ostenfeldii Nova Scotia, Canada (5) NA H; I
A. ostenfeldii Gulf of Maine, USA (5) ND A; B; C; C2; D, D
A. peruvianum New River, NC, USA (5) NA D; 13dMeC
A. peruvianum Narragansett, RI, USA (5) 7 13dMeC
A. peruvianum New River, NC, USA (5) 7 D; 13dMeC
A. ostenfeldii Saanich, Canada (5) NI NI
A. ostenfeldii Big Glory Bay, New Zealand (NZ) (6) þ D; 13dMeC; 13d
A. ostenfeldii Kaitaia and Tahaora; Timaru, NZ (6) 2; 9 NA
A. peruvianum Samariang River, Malaysia (7) 11; 5 NA
A. ostenfeldii Toni Bay, Japan (7) 10 NA
A. ostenfeldii Bohai Sea, China (7) 1 ND
A. ostenfeldii Beagle Channel, Argentina (8) ND 13dMeC; 20MeG
A. peruvianum Callao, Peru (8) 2 ND
A. ostenfeldii Vergara Island, Ays�en, Chile (8) 3 ND

a 1: STX, neoSTX; 2: GTX-2/3, STX; 3: GTX-2/3, STX, dcSTX; 4: GTX-2/3, STX, dcSTX, ne
GTX-1e5, C1/2; 9: GTX-2/3/5, STX, dcSTX, neoSTX, C2/3; 10: GTX-1e6, STX, neoSTX; 11

b A: SPX-A; B: SPX-B; C: SPX-C; C2: SPX-C2; C3: SPX-C3; isoC: SPX-isoC; D: SPX-D; D2:
desmethyl SPX-G; 20MeG: 20-methyl SPX-G; 13,19ddMeC: 13,19-didesmethyl SPX-
hydroxy-13-desmethyl SPX-C; 27oxo13,19ddMeC: 27-oxo-13,19-didesmethyl SPX-C.

c A: GYM-A; B/C: GYM-B/-C; 12Me: 12-methyl GYM. ND: Not detected; NI: Not inform
(Limfjord); (3): Northeastern Atlantic Ocean; (4): Mediterranean Sea, (5): Northwest Atl
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receptors (Kharrat et al., 2008) and are associated with neurotoxic
shellfish poisoning. The only other producer of GYMs identified to
date is the phylogenetically distant dinoflagellate Karenia selliformis
(Haywood et al., 2004). GYM-A was initially isolated and charac-
terized in the early 1990s from New Zealand oysters (MacKenzie,
Reference

GYMsc

NA Kremp et al. (2009); Suikkanen et al. (2013)
A,
B/C anals.

Riob�o et al. (2013)

NA Suikkanen et al. (2013); Kremp et al. (2014)
NA Kremp et al. (2014)
NA Kremp et al. (2014)
unkn. comps.;
A, B/C anals.

Harju et al. (2014)

A, B/C anals. This study
NA Hansen et al. (1992)
NA Ravn et al. (1995)

9ddMeC NA MacKinnon et al. (2006)
dMeC NA Otero et al. (2010)

NA Aasen et al. (2005)
NA Burson et al. (2014)

ND Amzil et al. (2007)
NA Touzet et al. (2008)

D NA Touzet et al. (2008)
NA Brown et al. (2010)
NA Touzet et al. (2011)

; 13,
G

NA Rundberget et al. (2011)

NA Suikkanen et al. (2013)
NA Suikkanen et al. (2013)
NA Suikkanen et al. (2013); Kremp et al. (2014)
NA Kremp et al. (2014)

0MeG NA Kremp et al. (2014)
NA Kremp et al. (2014)
NA Kremp et al. (2014)
NA Kremp et al. (2014)

eG NA Kremp et al., (2014)
0MeG; 8 NA Tillmann et al. (2014)

; 13dMeD NA Franco et al. (2006)
dMeC;
eC

NA Ciminiello et al. (2007)

ND Katikou et al. (2010)
7oxo13, NA Ciminiello et al. (2010)

NA Riob�o et al. (2013); Kremp et al. (2014); This study
3dMeC NA Cembella et al. (2001)
13dMeD NA Maclean et al. (2003)

NA Roach et al. (2009)
2; 13dMeC NA Gribble et al. (2005)

12Me Van Wagoner et al. (2011)
12Me Borkman et al. (2012)
NA Tomas et al. (2012)
A Harju et al. (2014)

MeD NA Jester et al. (2009); Beuzenberg et al. (2012)
NA MacKenzie et al. (1996)
NA Lim et al. (2005); Lim and Ogata (2005)
NA Kaga et al. (2006)
NA Gu et al. (2013)
NA Almandoz et al. (2014)
NA Kremp et al. (2014)
ND This study

oSTX; 5: GTX-1/4/6, dcSTX, neoSTX; 6: GTX-2/3/6, C1/2; 7: GTX-2/3/5, STX, C1/2; 8:
: GTX-1/2/4/5/6, STX, dcSTX, neoSTX; 12: GTX-2e6, STX, neoSTX, C2e4.
SPX-D2; G: SPX-G; H: SPX-H, I: SPX-I; 13dMeC: 13-desmethyl SPX-C; 13dMeG: 13-
C; 27OH13,19ddMeC: 27-hydroxy-13,19-didesmethyl SPX-C; 27OH13dMeC: 27-

ation; NA: Not analyzed; þ: Positive to PSP toxins; (1): Baltic Sea; (2): Kattegat Sea
antic Ocean, (6): New Zealand, (7): Western Pacific Ocean, (8): South America.
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1994; Seki et al., 1995). Later, two additional isomeric analogues
(GYM-B and GYM-C) were isolated from cultures of K. selliformis
(Miles et al., 2000, 2003). GYMs were detected for the first time in a
dinoflagellate genus other than K. selliformis in an isolate of Alex-
andrium peruvianum from North Carolina (USA), in which a novel
GYM congener (12-methylgymnodimine,12MeGYM)was identified
(Van Wagoner et al., 2011). This was followed by a report of acyl
ester derivatives of GYMs in Tunisian clams (De la Iglesia et al.,
2012).

The difficulties in distinguishing the geographic boundaries of
A. ostenfeldii and the morphologically very similar and also toxic
A. peruvianum have complicated attempts to define the toxin pro-
files of these species. According to Balech (1995) A. ostenfeldii dif-
fers from A. peruvianum mainly in the shape of the first apical (10),
and the anterior (s.a.), and posterior (s.p.) sulcal plates. However,
plate morphology is highly variable within populations from the
same geographic area and even within strains (Lim et al., 2005;
Kremp et al., 2009, 2014), resulting in a great deal of confusion in
assigning specimens to one species or the other (Kremp et al.,
2009). In fact, recent phylogenetic analysis from cultures charac-
terized as A. ostenfeldii or A. peruvianum based on morphological
characters identified six distinct but closely related groups,
although these characters were highly variable and not consistently
distributed among the groups (Kremp et al., 2014). This demon-
strated the invalid initial separation of the two species and led
those authors to propose the discontinuation of A. peruvianum as a
species and its consideration as synonymous with A. ostenfeldii, at
least until additional data become available.

In this study, we used toxin profiles and morphological and
molecular taxonomy to characterize three A. ostenfeldii strains
isolated from three different geographic origins, the Baltic, Medi-
terranean, and Chilean Southern Seas. To facilitate comparisons of
these strains with those from other regions, the literature infor-
mation on A. ostenfeldii toxin profiles worldwide is summarized in
Table 1.
2. Material and methods

2.1. Strains and culture conditions

Cultures were established from three non-clonal strains of
A. ostenfeldii (or its synonymous A. peruvianum) maintained in the
culture collection of toxic microalgae of the Spanish Institute of
Oceanography in Vigo (CCVIEO: http://www.vgohab.es/). The three
strains, from three distantly separated geographic origins, were
(Table 2): 1) the Baltic Sea strain AOTV-B4A (Åland, Finland), 2) the
Mediterranean Sea strain VGO956 (Palam�os, Spain), and 3) the
southern Chilean strain AOA32-2 (Vergara Island, Ays�en, Chile).
These three strains can be considered as geographically represen-
tative of each region based on literature data and on our own
preliminary study. Specifically, the Baltic and Mediterranean Sea
strains were described in Kremp et al. (2009) and Franco et al.
(2006), respectively, showing the consistency of their toxin pro-
files with those of other strains from the respective region. For the
Chilean strain, our preliminary analyses carried out with three
strains (AOIVAY, AOA32-1, and AOA32-2) from Ays�en showed that
Table 2
Strains and treatments used in this study. The original name of the species, the strain
temperature conditions, and number of treatments of each strain are shown.

Species orig. name Strain Location Culture orig

A. ostenfeldii AOTV-B4A Åland, Finland Vegetative c
A. peruvianum VGO956 Palam�os, Spain Resting cyst
A. ostenfeldii AOA32-2 Vergara I., Chile Resting cyst

77
their toxin profiles were identical, although with different total PSP
toxin contents (estimations in early stationary phase of 21.1, 33.5,
and 16.2 pg cell�1, respectively) in the same experimental condi-
tions (salinity of 32, 15 �C). The strain AOA32-2 was chosen because
it presented the best physiological state, reaching in early station-
ary phase higher cell concentrations than the other two strains.

The strains (starting density 500e800 cell mL�1) were cultured
in 100-mL Erlenmeyer flasks filled with 75 mL of L1 medium
without silica (Guillard and Hargraves, 1993) and incubated with a
photon flux density of 80e100 mmol m�2 s�1 and a photoperiod of
12:12 h light:dark. Different temperatures and salinities were
settled for each strain (Table 2). The medium was prepared using
seawater collected from the Galician continental shelf at a depth of
5 m and adjusted to the salinities listed in Table 2 by the addition of
sterile MQ water (Milli-Q; Millipore, USA). The cultures were
acclimated gradually to the different salinities (max. 3e4 salinity
units at a time) and temperatures for at least three transfers after
reaching the early stationary phase. A 66-mL sample was taken
from each of the 27 cultures during the exponential growth phase
and used as follows: 60 mL were processed for toxin analyses (PSP
toxin and cyclic imines), 3 mL were fixed with Lugol for cell mea-
surements and counts, and 3 mL were fixed with formaldehyde for
morphological studies. Additionally, a 1.5-mL sample was pro-
cessed from three cultures (one culture of each strain, chosen
randomly) for molecular analysis, thereby obtaining a total sample
volume of 67.5 mL from these cultures.

2.2. Morphological characterization

Morphological studies, including examination of the plates of
the cultured cells by Calcofluor white staining (Flourescent
Brightner 28, Sigma) (Fritz and Triemer, 1985), were performed
using a Leica DMLA microscope (Leica Microsystems, Wetzlar,
Germany) equipped with UV epifluorescence and an AxioCam HRc
camera (Zeiss, G€ottingen, Germany). Species identification and
morphological comparisons among the three studied strains were
based on the original descriptions and on more recent ones (Balech
and de Mendiola, 1977; Balech and Tangen, 1985; Balech, 1995).

The lengths and widths of 30 randomly selected cells were
measured at 630� magnification using an Axiocam HRC digital
camera (Zeiss, Germany) connected to a Leica DMLA light micro-
scope. Mean cell biovolume (v) was calculated by assuming that the
cells were prolate spheroids (Sun and Liu, 2003) and using the
following equation:

v ¼ p

6
$b2$a

where a is the cell length and b is the cell width. The statistical
analyses were performed using SPSS v.21 software. One-way
ANOVA followed by Tukey's post-hoc test was used to identify
significant differences in morphometric measurements between
strains and treatments.

2.3. Toxin extraction

Toxin analyses were performed on exponentially growing
code, geographic origin, culture origin, group that isolated the strain, salinity and

in Isolator Salinities/Temperatures Treatments (n)

ell A. Kremp 10, 18, 25/15, 19, 26 9
I. Bravo 14, 25, 37/15, 19, 26 9
P. Salgado 25, 32, 37/10, 15, 19 9

http://www.vgohab.es/


Fig. 1. Light micrographs of calcofluor-stained A. ostenfeldii cells from cultures of strains AOTV-B4A (AeD), VGO956 (EeI), and AOA32-2 (JeP). The 10 plate including a prominent
right-sided ventral pore (arrow) and terminated with a pointed (A) or flat (B, E, J, K) margin (black arrowhead indicates different types of margin that made contact with s.a. plate).
Different s.a. plates are shown for each strain (A, E, J). Cells from strains VGO956 and AOA32-2 showing different shapes of 10 (F, G, K) and s.a. (LeN) plates; are also shown, as is the
diversity of the s.p. plates (C, D, H, I, O, P) of the three strains (white arrowhead indicates posterior connection pore). Scale bar ¼ 10 mm.
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cultures. A Lugol-fixed aliquot was collected from each flask to
determine cell density by light microscopy using a SedgewickeR-
after chamber. Two 30-mL culture subsamples were filtered
through GF/F glass-fiber filters (25 mm diameter) (Whatman,
Maidstone, England) and kept at �20 �C. Once removed from the
freezer, followed by sonication (1 min, 50Watts) and two rounds of
centrifugation (14,000 rpm, 10 min, 5 �C), one of the filters was
extracted twice with 0.05 M acetic acid for PSP toxin analysis and
the other with 100% methanol for SPX and GYM toxin analyses. The
extracts (1.5 mL) were kept at �20 �C until used in the respective
analyses, at which time acetic extracts were thawed and meth-
anolic extracts were tempered to be subsequently filtered through
0.45-mm syringe filters.

2.4. Analysis of PSP toxins

PSP toxins were analyzed by high-performance liquid chroma-
tography (HPLC) with post-column oxidation and fluorescence
detection (FD) according to the method of Rourke et al. (2008) with
slight modifications using a Zorbax Bonus RP column
(4.6 � 150 mm, 3.5 mm). The analyses were carried out using a
Waters Acquity ultra performance liquid chromatography (UPLC)
system (Waters, USA). Mobile phase A was composed of 11 mM
heptane sulfonate in a 5.5 mM phosphoric acid aqueous solution
adjusted to pH 7.1 with ammonium hydroxide. Mobile phase B
consisted of 88.5% 11 mM heptane sulfonate in a 16.5 mM phos-
phoric acid aqueous solution adjusted to pH 7.1 with ammonium
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hydroxide and 11.5% acetonitrile. The mobiles phases were filtered
through a 0.2-mm membrane before use. A gradient was run at a
flow rate of 0.8 mL min�1 starting at 100% A and held for 8 min.
Mobile phase B was then increased linearly to 100% in 8 min. The
gradient was kept at 100% B for 9 min and then returned in
0.1 mine100% A. An equilibration time of 5 min was allowed prior
to the next injection. The total duration of the run was 30 min. The
eluate from the column was mixed continuously with 7 mM peri-
odic acid in 50 mM potassium phosphate buffer (pH 9.0) at a rate of
0.4 mL min�1 and was heated at 65 �C by passage through a coil of
Teflon tubing (0.25mm i.d., 8 m long). It was thenmixed with 0.5 M
acetic acid at 0.4 mL min�1 and pumped by a two-pump Waters
Reagent Manager into the fluorescence detector, which was oper-
ated at an excitation wavelength of 330 nm. Emission at 390 nm
was recorded. Data acquisition and data processing were per-
formed using the Empower data system (Waters). Toxin concen-
trations were calculated from calibration curves obtained for the
peak area and amount of each toxin. Injection volumes of 20 mL
were used for each extract. Standards for the PSP toxins gonyau-
toxin (GTX)-4, GTX-1, dcGTX-3, dcGTX-2, GTX-3, GTX-2, neoSTX,
dcSTX, and STX were acquired from the NRC Certified Reference
Materials program (Halifax, NS, Canada). To verify the presence of,
GTX-6 and GTX-5, the samples were boiled with an equal volume of
0.4 M HCl for 15 min to hydrolyze the sulfonic group of the N-
sulfocarbamoyl, yielding the corresponding carbamoyl toxins
(Franco and Fernandez Vila, 1993).



Fig. 2. Box-plots of the total cell biovolume (n ¼ 270) of the three A. ostenfeldii strains (A) and the cell biovolume of strains AOTV-B4A (B), VGO956 (C), and AOA32-2 (D) exposed to
different salinity and temperature conditions (n ¼ 30). Salinity values are shown by colored boxes in the chart.
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2.5. Analyses of lipophilic toxins (SPXs and GYMs)

SPX and GYM toxins were identified by liquid chromatography
coupled to high-resolution mass spectrometry (LCeHRMS). Sam-
ples in methanol were analyzed on a Dionex Ultimate 3000 LC
system (Thermo Fisher Scientific, San Jose, California) coupled to an
Exactive mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany) equipped with an Orbitrap mass analyzer and a heated
electrospray source (HeESI II). Nitrogen (purity > 99.999%) was
used as the sheath gas, auxiliary gas, and collision gas. The in-
strument was calibrated daily in positive and negative ion modes.
Mass acquisition was performed in positive ion mode without and
with all ion fragmentation (AIF) with a high-energy collisional
dissociation (HCD) of 45 eV. The mass range was m/z 100e1000 in
both full-scan and AIF modes.

SPXs and GYMs were separated and quantified according to the
Standardized Operating Procedure (SOP) validated by the European
Union Reference Laboratory for Marine Biotoxins (EURLMB, 2011).
The X-Bridge C18 column (100 � 2.1 mm, 2.5 mm) was maintained
at 25 �C; the injection volume was 20 mL and the flow rate
400 mL min�1. Mobile phase A consisted of water, and mobile phase
B of acetonitrile/water (95:5 v/v), both containing 2 mM ammo-
nium formate and 50 mM formic acid. Linear gradient elution
started at 10% B, increasing to 80% B in 4 min, where it was held for
2 min before the initial conditions of 10% B were restored in
0.5 min; the latter condition was maintained for 2.5 min to allow
column equilibration. The total duration of the run was 9 min.
Cyclic imines were identified by comparing their retention times
with those of the available standards. The peaks in the chromato-
gram were identified by the exact masses of the diagnostic, frag-
ment, and isotope ions. Cyclic imine standards for 13-desmethyl
SPX-C (13dMeC; CRM-SPX-1 7.06 ± 0.4 mg mL�1) and GYM-A
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(CRM-GYM-A 5 ± 0.2 mg mL�1) were acquired from the NRC
Certified Reference Materials program (Halifax, NS, Canada). In case
another SPX or GYM different from the standards was identified in
samples, they were quantified as 13dMeC or GYM-A equivalents,
based on the respective calibrations available and assuming equal
responses.
2.6. DNA extraction, PCR amplification, and sequencing

Exponentially growing vegetative cells from strains AOTV-B4A,
VGO956, and AOA32-2 were harvested from the respective 1.5-
mL subsamples by centrifugation (13,000 rpm for 2 min) in 1.5-
mL Eppendorf tubes. The cells were washed with sterile MQ wa-
ter, centrifuged as described above, and the resulting pellet was
stored overnight at�80 �C. The next day, the samples were thawed,
treated with 100 mL of 10% Chelex 100 beads (BioRad, Hercules, CA,
USA), placed in a 95 �C Eppendorf Mastercycler EP5345 thermo-
cycler (Eppendorf, New York, USA) for 10 min, and then vortexed.
The boiling and vortex steps were repeated, after which the sam-
ples were centrifuged (13,000 rpm for 1 min) and the supernatants
subsequently transferred to clean 200-mL tubes, avoiding carryover
of the Chelex beads. The samples were kept at �20 �C until needed.

Polymerase chain reaction (PCR) amplification of the D1/D2
domains of the large subunit (LSU) rRNA genewas performed using
the primer pair D1R/D2C (50-ACCCGCTGAATTTAAGCATA-30/50-
ACGAACGATTTGCACGTCAG-30) (Lenaers et al., 1989). The 25-mL
amplification reaction mixtures contained 2.5 mL of reaction buffer,
2 mM MgCl2, 0.25 pmol of each primer, 2 mM of dNTPs, 0.65 units
of Taq DNA polymerase (Qiagen, CA, USA), and 1 mL of the Chelex
extracts. The DNA was amplified in an Eppendorf Mastercycler
EP5345 under the following conditions: initial denaturation at
95 �C for 1 min, followed by 40 cycles of denaturation at 54 �C for



Fig. 3. Phylogenetic relationships among A. ostenfeldii strains based on the D1-D2 LSU rDNA sequences obtained in this study and from GenBank. A. insuetum and A. minutum
sequences were used as outgroups. The phylogenetic tree was constructed using the maximum-likelihood method. Numbers at the branches indicate the percentage of bootstrap
support (n ¼ 1000) and posterior probabilities based on Bayesian inference as a search criterion. Bootstrap values <50% and probabilities <0.5 are denoted by hyphens. Names in
bold represent isolates sequenced for this study.
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1min, annealing at 72 �C for 3min, extension at 72 �C for 3min, and
a final extension at 72 �C for 10min. A 10-mL aliquot of each PCRwas
checked by agarose gel electrophoresis (1% TAE, 50 V) and SYBR
Safe DNA gel staining (Invitrogen, CA, USA).

The PCR products were purified with ExoSAPeIT (USB, Cleve-
land, OH, USA). The purified DNAwas sequenced using the Big Dye
Terminator v3.1 reaction cycle sequencing kit (Applied Biosystems,
Foster City, CA, USA) and separated on an AB 3130 sequencer
(Applied Biosystems) at the CACTI sequencing facilities (Uni-
versidade de Vigo, Spain). The LSU sequences obtained in this study
for strains AOTV-B4A and VGO956 were deposited in the GenBank
database (Acc. Nos. KP782039 and KP782040, respectively). The
LSU sequence for Chilean strain AOA32-2 (Acc. No. KF479200) was
deposited in Genbank during a Chilean study carried out in parallel
to this one (G. Pizarro, IFOP, personal comm.). The sequences of the
studied strains were compared with 40 sequences of other
A. ostenfeldii/peruvianum strains obtained from Genbank. Alexan-
drium insuetum and Alexandrium minutum sequences were used as
outgroups to root the tree.

The LSU sequences were aligned using BioEdit v.7.2.5. The final
alignment for the LSU phylogeny consisted of 543 positions. The
phylogenetic model was selected using MEGA 6 software. A
Tamura's 3-parametermodel (Tamura,1992) with a gamma-shaped
parameter (g ¼ 0.213) was selected. The phylogenetic relationships
were determined using the maximum likelihood (ML) method of
MEGA 6 and the Bayesian inferencemethod (BI) with a general time
reversible model from Mr.Bayes v3.1 (Huelsenbeck and Ronquist,
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2001). The reconstructed topologies were very similar with the
two methods. The phylogenetic tree was represented using the ML
results, with bootstrap values from the ML method (n ¼ 1000
replicates) and posterior probabilities from the BI method.
3. Results

3.1. Morphology of the organisms

Microscopic examination of the plate morphologies of cultured
cells from the Baltic Sea (AOTV-B4A) and the Chilean Southern Sea
(AOA32-2) generally agreed well with the original description of
A. ostenfeldii by Balech and Tangen (1985), and those of the Medi-
terranean Sea strain (VGO956) with the original description of
A. peruvianum by Balech and de Mendiola (1977). A detailed anal-
ysis of the thecal plates showed that most of the specimens of the
three strains had a narrow and elongated 10 plate with a prominent
ventral pore located on its anterior right side. These plates termi-
nated with a pointed or flat margin that made contact with the s.a.
plate (Fig. 1A, B, E, J). However, other 10 plate features were also
observed, mainly in strains VGO956 and AOA32-2. In VGO956, two
other types of 10 plates were seen: one with a less elongated shape
and a widely opened ventral pore (Fig. 1F) and another with a
rhomboid shape and large enclosed ventral pore (Fig. 1G). Strain
AOA32-2 (southern Chile) also exhibited another different elon-
gated 10 plate (Fig. 1K) with straight margins and an elliptical
ventral pore.



Fig. 4. Liquid chromatography PSP toxin profiles of A. ostenfeldii cultivated at a salinity
of 25 and a temperature 19 �C. Strains AOTV-B4A (A) and AOA32-2 (B) produce GTX-3
(5), GTX-2 (6), and STX (9). Chromatogram of the standard PSP mixture (C) of GTX-4
(1), GTX-1 (2), dcGTX-3 (3), dcGTX-2 (4), GTX-3 (5), GTX-2 (6), neoSTX (7), dcSTX
(8), and STX (9).
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The s.a. plate in strain VGO956 was almost always triangular
(Fig. 1E), but door-latch-shaped plates were also seen. Both shapes
were also characteristic of the s.a. plates of strains AOTV-B4A and
AOA32-2 but door-latch-shaped plates weremore common (Fig.1B,
J, N). In the Chilean strain (AOA32-2), an additional s.a. plate type,
with a shape intermediated between the door-latch and triangular
shapes, was also detected (Fig. 1M). Finally, the s.p. plates of all
strains were highly variable in shape and not all of them had a
connection pore (Fig. 1C, D, H, I, O, P).

The cells occurred as solitary individuals in most cultures, but
chains of two cells were observed occasionally. In general, the cells
were round to ellipsoidal in shape, with a cell biovolume ranging
from 3,691 mm3 (equivalent to 20.63 mm long and 18.49 mmwide) to
104,746 mm3 (61.03 mm long and 57.26 mm wide) (Fig. 2A). The
largest cells were generally more ellipsoidal in shape than the
smaller cells, which were round. The sizes of the cells differed
significantly among the three strains (ANOVA: P < 0.05; n ¼ 270),
with cells of strain AOA32-2 being significantly (P < 0.001) the
largest and those of strain VGO956 the smallest (Fig. 2A). The 95%
mean confidence intervals (95% CIs) for the cell lengths and widths
of the three strains were: 38.40 ± 0.89 mm and 34.97 ± 0.72 mm for
strain AOTV-B4A; 31.53 ± 0.68 mm and 29.07 ± 0.62 mm for strain
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VGO956, and 43.22 ± 0.80 mm and 40.05 ± 0.64 mm for strain
AOA32-2. Although cultures of all three strains consisted of both
large and small cells, the largest size ranges occurred in strains
AOTV-B4A and AOA32-2 (Fig. 2BeD). The size range also varied
depending on the temperature and salinity, besides the intrinsic
characteristics of the strains. For example, as shown in Fig. 2B,
when strain AOTV-B4A was incubated at 19 �C, the cell size ranges
observed at salinities of 18 and 25 differed significantly (cell length:
mean ± SD of 33.88 ± 3.25 mm and 42.89 ± 9.98 mm, respectively;
P < 0.05; n ¼ 30). Growth at the lowest temperatures resulted in
significantly (P < 0.05; n ¼ 90) larger cells for all three strains
(Fig. 2BeD), with those of strain AOA32-2 incubated at a salinity of
32 (Fig. 2D) having the highest mean cell biovolume (95% CIs for a
mean length and width: 51.94 ± 2.32 mm and 46.96 ± 1.82 mm).

3.2. Phylogeny

The three selected strains from the three distant geographic
regions grouped in different clades (Fig. 3). In the LSU rDNA phy-
logeny, Baltic strain AOTV-B4A grouped together with other
A. ostenfeldii strains from the Baltic Sea (Finland, Sweden, Poland,
and Denmark), New River and Narragansett (USA), and Bohai Sea
(China). These sequences constituted a clade with low support (BI
0.51). Strain VGO956 grouped with its sister strains (IEOV-
GOAMD12 and IEOVGOAM10C) from the Spanish Mediterranean
Sea, near Palam�os, but also with North Sea strains from Fal River
(UK) and Lough Swilly (Ireland) in a well-supported monophyletic
clade (ML 99%, BI 1.0). Strain AOA32-2, from southern Chile,
emerged in a separate branch (ML 70%, BI 0.93) together with a
strain (IMPLBA033) from Callao (Peru).

3.3. PSP toxins

LC analyses showed detectable amounts of PSP toxins in all of
the cultures of Baltic and Chilean strains (AOTV-B4A and AOA32-2,
respectively), but not in the Mediterranean strain (VGO956). The
toxin profiles of the two PSP-toxin-producing strains were the same
(Fig. 4), although the toxin content of the Chilean strain (mean ± SD
of 105.83 ± 72.15 pg cell�1) was much higher than that of the Baltic
strain (mean ± SD of 4.04 ± 1.93 pg cell�1), which is according to the
observed differences in their cell sizes (biovolume in Table 3, Figs. 2
and 5A). Toxin contents and cellular biovolume values for both
strains in all of culture conditions are specified in Table 3. Differ-
ences in toxin content in relation to temperatures and salinities as
well as cell sizes were assessed in Chilean strain AOA32-2; the small
amounts of toxin content in AOTV-B4A did not allow that estima-
tion. A significant correlation between toxin content and bio-
volume was observed for Chilean strain (R ¼ 0.96, P < 0.01). Toxin
values were highest when the strain was cultured at lower tem-
peratures (10 �C) (mean ± SD of 174.47 ± 91.62 pg cell�1) coinciding
with the highest values of biovolume (Table 3). Lowest toxin con-
tents (around 40e50 pg cell�1) also agreed with the smallest cells
and were detected in several temperatures and salinities.

The principal compounds produced by strains AOTV-B4A and
AOA32-2 under all experimental conditions were GTX-3, GTX-2,
and STX (Fig. 4). However, the toxin profiles of both strains also
included trace amounts of dcSTX toxins in all treatments, except
two, inwhich the levels of the latter toxinwere undetectable: strain
AOTV-B4A at 26 �C and a salinity of 25 and strain AOA32-2 at 10 �C
and a salinity of 32. In the latter case, this was the condition in
which cell biovolume and PSP toxin content were highest (Fig. 5A
and Table 3). The toxin profile of strain AOTV-B4A was dominated
by GTX-3 (81.9%), followed by STX (14.7%), GTX-2 (3%), and trace
amounts (<0.5%) of dcSTX. The toxin profile of strain AOA32-2 was
very similar to that of strain AOTV-B4A: GTX-3 (88.2%), STX (7.6%),



Table 3
Toxins (pg cell�1) and mean of cell biovolume of the A. ostenfeldii strains under different salinity and temperature conditions. (ND: Not detected).

Strain Salinity Temperature ºC Biovolume (mm3) PSP toxins SPXs GYMs

AOTV-B4A 10 15 31,227 4.926 ND 32.748
AOTV-B4A 18 15 28,729 6.975 ND 54.673
AOTV-B4A 25 15 32,838 4.953 ND 47.341
AOTV-B4A 10 19 19,689 6.140 ND 27.893
AOTV-B4A 18 19 17,873 2.314 ND 27.774
AOTV-B4A 25 19 36,040 1.001 ND 39.663
AOTV-B4A 10 26 22,769 4.111 ND 46.676
AOTV-B4A 18 26 17,249 2.476 ND 44.243
AOTV-B4A 25 26 37,286 3.442 ND 113.435
VGO956 14 15 21,383 ND 0.004 ND
VGO956 25 15 22,298 ND 0.167 ND
VGO956 37 15 13,943 ND 0.577 ND
VGO956 14 19 11,922 ND 0.054 ND
VGO956 25 19 11,399 ND 0.370 ND
VGO956 37 19 12,503 ND 0.022 ND
VGO956 14 26 13,310 ND 2.309 ND
VGO956 25 26 15,637 ND 10.033 ND
VGO956 37 26 15,273 ND 12.158 ND
AOA32-2 25 10 45,077 130.686 ND ND
AOA32-2 32 10 61,979 279.771 ND ND
AOA32-2 37 10 42,645 112.958 ND ND
AOA32-2 25 15 24,368 55.616 ND ND
AOA32-2 32 15 34,137 73.030 ND ND
AOA32-2 37 15 29,645 49.047 ND ND
AOA32-2 25 19 29,837 43.772 ND ND
AOA32-2 32 19 40,116 99.240 ND ND
AOA32-2 37 19 37,955 108.307 ND ND
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GTX-2 (3.8%), and dcSTX (<0.5%). These proportions were mostly
unchanged when the strains were cultured at different tempera-
tures and salinities.

3.4. Cyclic imine toxins

LCeHRMS analyses of the organic extracts from the cultures
showed that only strain VGO956 produced SPXs. Extracts of this
Mediterranean strain contained 13dMeC at a retention time
(RT) ¼ 8.832 min 13dMeC yielded a protonated molecule at m/z
692.4522 [MþH]þ. The fragment ions generated in the HCD cell
from the peak of 13dMeC were: the loss of a water molecule at m/z
674.4415 [C42H60NO6]þ, m/z 444.3108 [C27H42NO4]þ, m/z 342.2796
[C23H36NO]þ, m/z 230.1904 [C16H24N]þ, m/z 220.2062 [C15H26N]þ,
m/z 206.1906 [C14H24N]þ, m/z 204.1749 [C14H22N]þ, m/z 177.1513
[C12H19N]þ, and m/z 164.1435 [C11H18N]þ. The fragment ion at m/z
164.1435 was the most intense and characteristic. In addition to
13dMeC, others SPXs were screened [20MeG, A, B, C, and D, des-
methyl SPX-D, and the unknown SPXs listed in Sleno et al. (2004)],
but they were not detected in any of the samples.

On a per cell basis, content of 13dMeC increased with increasing
salinity and temperature. The highest contents were recorded at
26 �C (Fig. 5B and Table 3). At temperatures of 15 �C and 19 �C, the
toxin content ranged from 0.004 pg cell�1 to 0.58 pg cell�1, with the
lowest content measured in cells grown at 15 �C and a salinity of 14
(Fig. 5B and Table 3). No correlation between SPX content and cell
size was observed.

GYM content by the three strains was also analyzed using
LCeHRMS. GYM compounds were observed only in Baltic strain
AOTV-B4A, GYM-B/-C analogues (Fig. 6A, B) and an analogue of
GYM-A (Fig. 6C, D). The latter compound was probably a positional
isomer based on its mass and fragmentation spectrum (Table 4).
The RT of this unknown GYM-A analogue was 4.27 min, which
differed by 0.71 min from the RT of the GYM-A standard 3.56 min
(Fig. 6E, F). To verify that the difference in the RT was not due to the
sample matrix, one sample extract of AOTV-B4A was spiked with
GYM-A standard. The RT of GYM-A was not altered by a matrix
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effect. Their mass spectra were qualitatively the same, including
HCD fragment ions, but the percentages of the fragments differed
(Fig. 6B, D). Thus, in the mass spectrum of the GYM-A standard
(Fig. 6F) the abundance of the fragment [M þ HeH2O]þ at m/z
490.3312wasmore intense than that by the protonatedmolecule at
m/z 508.3418 [MþH]þ, while the opposite was true for the GYM-A
analogue (Fig. 6D). Characteristic HCD fragment ions of GYM-A
were also detected in the GYM-A analogue (Table 4). In our
search for GYM-B/-C toxins, a chromatogram for themass rangem/z
524e525 was acquired for the extract prepared from strain AOTV-
B4A. It showed one peak at a RTof 4.01min (Fig. 6A), which differed
by þ0.45 min from the RT of GYM-A (Fig. 6E, F). GYM-B/-C stan-
dards were not available to confirm the identity of these analogues
in our samples but based on their more polar chemical structure,
characterized by an additional exocyclic methylene at C17 and a
hydroxyl group at C-18 (Miles et al., 2000, 2003), a shorter reten-
tion than that of GYM-A (RT 3.56 min) (Fig. 6E, F) in a reverse phase
column (Marrouchi et al., 2010) was expected. The compound
eluted at RT 4.01min and produced by strain AOTV-B4 is probably a
more lipophilic analogue of GYM-B/-C.

As there are, as yet, no standards for GYM-B and GYM-C and
detailed descriptions of their fragmentation patterns have been
published, we confirmed these compounds as follows. The accurate
mass for the [MþH]þ ion m/z 524.3365 [C32H46NO5]þ with 10.5
relative double bond (RDB) equivalents and �1.049 D ppm was
observed. The mass spectral characterization from the AIF experi-
ment for this GYM-B/-C analogue is shown in Table 5. It was
comparedwith the HCDmass spectrum of GYM-B/-C detailed by De
la Iglesia et al. (2012). Three characteristic water losses from the
protonated molecule, at m/z 506.3257, m/z 488.3147, and m/z
470.3039, were observed. Moreover, a series of common ions with
GYM-A as the parent compound were generated in the HCD cell
(Table 5).

All samples were also screened for the presence of 12MeGYM
but this compound was not detected under any conditions. The
highest content of GYMs (113.44 pg GYM-A equivalents cell�1) was
measured in cells cultured at the highest temperature and salinity



Fig. 5. Cell biovolume and toxin content of A. ostenfeldii cultures exposed to different
salinity and temperature conditions. Total PSP toxin content (A) in cultures of strains
AOTV-B4A (gray circle) and AOA32-2 (black circle). Total content of SPXs in cultures of
strains VGO956 (gray circle) and GYMs in cultures of strains AOTV-B4A (black circle)
(B). Note that the temperature axis is inverted.
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(26 �C, salinity of 25). These were also the largest cells (biovolume
in Fig. 5B). However, the lowest content of GYMs (around 30e40 pg
GYM-A equivalents cell�1) were in cells cultured under several
intermediate experimental conditions (19 �C, salinity of 18).
4. Discussion

4.1. The detected toxins and their relevance

Toxins from the STX group, SPXs, and GYMs were found in A.
ostenfeldii (Syn. A. peruvianum) in the present study, although their
distributions differed in the three studied strains from different
geographic locations. Mediterranean strain (VGO956) produced
SPXs but not PSP toxins, in agreement with the findings in the
literature for A. ostenfeldii and A. peruvianum strains of the same
region (Ciminiello et al., 2006, 2007, 2010; Franco et al., 2006; Riob�o
et al., 2013; Kremp et al., 2014). The Baltic Sea strain (AOTV-B4A)
produced PSP toxins but not SPXs, consistent with the results from
other strains from that region (Hakanen et al., 2012; Suikkanen
et al., 2013; Kremp et al., 2014). Finally, Chilean strain (AOA32-2)
produced only PSP toxins. While this finding is in agreement with
that of Pizarro et al. (2012), it contradicts those reported by
Almandoz et al. (2014) for A. ostenfeldii strains isolated from the
Argentinean part of the Beagle Channel (1,000 km south of the area
where our Chilean strain was isolated), which produced only SPXs
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(13dMeC and 20MeG).
Among all the toxins detected in A. ostenfeldii, those of the STX

group are the most dangerous because they may result in the se-
vere and occasionally fatal illness known as PSP syndrome. The
threat of PSP syndrome is not only a major cause of concern for
public health but is also detrimental to the economy (Anderson
et al., 2012). Outbreaks of PSP toxins often result in the death of
marine life and livestock and the closure of contaminated fisheries.
Together with the continual expenditures required for the main-
tenance and running of monitoring programs, the economic burden
of PSP syndrome is of worldwide significance. Regarding these
toxins, it is worth highlight the high PSP toxin content (max.
279.77 pg cell�1) measured in A. ostenfeldii cultures from Ays�en
suggested that this species may be more toxic than previously
thought. This conclusion is supported by the environmental con-
ditions in the fjords and channels of Patagonia, where the tem-
perature and salinity (10 �C and 32, respectively; see Molinet et al.,
2003; Almandoz et al., 2014) can be easily the same as those that
resulted in the highest cell biovolume and toxin content for this
strain in our study (Table 3).

The other two (SPXs and GYMs), belonging to the cyclic imines
group have not been directly linked to human intoxications
(Richard et al., 2001; Molg�o et al., 2014). Currently, there is still a
lack of information on the chronic toxicity of cyclic imines or their
possible synergy with other toxins that may be present in the same
samples. Thus, no regulatory controls have been established for
these toxins. The toxicological relevance of this group of toxins and
its implication for the safety of shellfish production are not yet
completely clear. The European Food Safety Authority has therefore
requested more exposure data to properly assess the risk posed by
cyclic imines to shellfish consumers.

4.2. GYM compounds in A. ostenfeldii

The detection of GYM compounds in the A. ostenfeldii strain
from the Baltic Sea, analyzed in this work, provides further insights
into both the toxin profile of this specie and scientific knowledge
about the GYM complex. As we noted in the Results section, peaks
distinct from those of the GYM-A standard appeared in the chro-
matogram with the same spectrum as GYM-A, although with RTs
indicative of their more lipophilic nature. A similar profile was
observed by Naila et al. (2012) in clams from the Gulf of Gabes
(Tunisia), related to blooms of K. selliformis. The authors hypothe-
sized that it was a new isomer of GYM-A or a derivative or weakly
bonded aggregate that releases free GYM-A in the ion source. Later,
De la Iglesia et al. (2012) confirmed the presence in those samples
of gymnodimine fatty acid ester metabolites produced by shellfish.
Our search for these compounds in the Baltic strain was, as ex-
pected, negative. Harju et al. (2014) found related analogues of
GYM-A, B, and C in some Baltic strains. The analogue of GYM-A
detected in that study was more lipophilic than the GYM-A stan-
dard, as was the derivative present in the Baltic strain from the
present work. Therefore, we suspect that these GYM-A analogues
are the same compound althoughwe do not have the detailed mass
spectrum of their compound to compare with ours. Regarding the
GYM-B/-C analogue detected in the present work, it was more
lipophilic than GYM-A and therefore also more lipophilic than
GYM-B/-C. However, this analogue seems to be different from the
two related GYM-B/-C compounds discovered by Harju et al. (2014),
since both are less lipophilic than the GYM-B/-C standard, accord-
ing to the information on their RTs provided by the authors.

4.3. Differences on the toxin profiles of A. ostenfeldii

The information summarized in Table 1 shows the great



Fig. 6. Selected liquid chromatography coupled to high-resolution mass spectrometry chromatograms (left) and mass spectra (right) from positive ionization mode for A. ostenfeldii
strain AOTV-B4A (AeD) and the GYM-A standard (E, F). m/z 524.3365 [MþH]þ for GYM-B/-C analogue (A, B); m/z 508.3417 [MþH]þ for GYM-A analogue (C, D).
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variation in the toxin profiles of A. ostenfeldii (Syn. A. peruvianum)
strains from all of the geographic regions where this species and its
toxins have been reported. Comparisons of the toxin profiles of
these strains are difficult because many of the respective studies do
not report all of the toxin groups (PSP toxins and the cyclic imines
SPXs and GYMs). In addition, for most of the regions information is
still scarce. Nonetheless, valuable information is obtained by pre-
liminary comparisons of the differences in the PSP toxins and/or
SPX from different geographic zones. Thus, in the case of the North
Atlantic, Baltic Sea, and Mediterranean Sea strains, the PSP/SPX
profiles are highly consistent (Fig. 7, see references in Table 1): 1)
North Atlantic and Mediterranean Sea strains are mostly charac-
terized by SPX; 2) the Baltic Sea strain is defined by PSP toxin; and
3) the Kattegat Sea strain produces SPX toxins. The latter region can
be viewed as a transitional one between the Baltic Sea and the
North Sea (Hansen et al., 1992). For the Chilean strains, our data
showed an invariable toxin profile characterized only by PSP toxins,
althoughmore data are required fromAys�en and other nearby areas
to confirm the distribution and variability of A. ostenfeldii's toxin
profiles in the region.

An important question is whether toxin profiles change in
response to changing environmental conditions. In the present
study, the strains steadily produced the same types of toxins (PSP
toxins, SPXs, and GYMs) independent of the experimental tem-
perature and salinity conditions. Rather, these variables affected
only cell growth and the quantity of the PSP toxins, although the
order of dominance (GTX-3, STX, and GTX-2) was preserved. The
same has been reported in other studies showing that the
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production of either SPXs or PSP toxins was not induced by changes
in salinity, temperature, or CO2 supply, which instead affected the
relative content of the different PSP toxins and SPX analogues
(Otero et al., 2010; Kremp et al., 2012; Suikkanen et al., 2013).
Similar effects have been reported for nutrients and growth phase
in A. ostenfeldii cultures (Anderson et al., 1990; Hwang and Lu,
2000; Gran�eli and Flynn, 2006; Hu et al., 2006). In the case of
GYMs, the scarce data prevent any conclusions on the consistency
of the appearance of these toxins and the variations related to the
physicochemical conditions of the cultures. We found much higher
content of GYMs (maximum of 113.44 pg GYM-A equivalents cell�1

vs. a minimum of 27.77 pg GYM-A equivalents cell�1) under the
highest temperature and salinity (26 �C, salinity of 25) than under
other conditions.

4.4. Phylogeny and morphology related to strains and their toxin
profiles

The results of the phylogenetic analysis showed that the three
strains of A. ostenfeldii grouped with other strains of different
geographic origin and their phylogenetic classification was coinci-
dent with previous studies (Kremp et al., 2014; Tillmann et al.,
2014). Moreover, the toxin profiles of those groups have common
features that merit discussion. According to our LSU analysis,
Mediterranean strain (VGO956), with a toxin profile composed
solely of 13dMeC, was grouped with strains sharing the same toxin
profile as those from Fal River (UK), Lough Swilly (Ireland), and
Palam�os (Mediterranean Spain) (Table 1). Such clade corresponds



Table 4
HRMS data obtained from the AIF spectra acquired in the mass rangem/z 100e1000. List of the measured accurate masses (m/z) for [MþH]þ and the product ions of GYM-A as
recorded by De la Iglesia et al. (2012) (left), the GYM-A standard from this study (middle), and the GYM-A analogue detected in the Baltic strain from this work (right). Retention
times, exact mass and assigned formulae with relative double bonds (RDB) equivalents, and mass accuracy measurements (D in ppm) are detailed. ND (not detected).

Mass spectrum GYM-A
(De la Iglesia et al., 2012)

Mass spectrum GYM-A (standard)
RT 3.56 min

Mass spectrum GYM-A analogue
(AOTV-B4A) RT 4.27 min

m/z 508.3414 508.3418 508.3417
FORMULA C32H46NO

þ
4 C32H46NO

þ
4 C32H46NO

þ
4

RDB, D ppm NI, �1.4 10.5, �0.66 10.5, �0.856
m/z 490.3305 490.3312 490.3311
FORMULA C32H44NO

þ
3 C32H44NO

þ
3 C32H44NO

þ
3

RDB, D ppm NI, �2.2 11.5, �0.756 11.5, �0.960
m/z 446.3408 446.3413 446.3405
FORMULA C31H44NO

þ
2 C31H44NO

þ
2 C31H44NO

þ
2

RDB, D ppm NI, �2.2 10.5, �0.989 10.5, �2.782
m/z 410.3045 410.3048 410.305
FORMULA C27H40NO

þ
2 C27H40NO

þ
2 C27H40NO

þ
2

RDB, D ppm NI, �2.1 8.5, �1.355 8.5, �0.868
m/z 392.2939 392.2943 3922941
FORMULA C27H38NOþ C27H38NOþ C27H38NOþ

RDB, D ppm NI, �2.2 9.5, �1.252 9.5, �1.762
m/z 368.294 ND 368.2583
FORMULA C24H37NOþ C24H34NO

þ
2 C24H34NO

þ
2

RDB, D ppm NI, �2.2 8.5, �4.089 8.5, �0.287
m/z 304.2266 304.2267 304.2254
FORMULA C19H30NO

þ
2 C19H30NO

þ
2 C19H30NO

þ
2

RDB, D ppm NI, �1.8 5.5, �1.334 5.5, �5.607
m/z 286.2159 286.2163 286.2163
FORMULA C19H28NOþ C19H28NOþ C19H28NOþ

RDB, D ppm NI, �2.4 6.5, �0.842 6.5, �0.842
m/z 246.1847 246.185 246.1848
FORMULA C16H24NOþ C16H24NOþ C16H24NOþ

RDB, D ppm NI, �2.1 5.5, �0.979 5.51, �1.791
m/z 216.1742 216.1745 216.1744
FORMULA C15H22Nþ C15H22Nþ C15H22Nþ

RDB, D ppm NI, �2.1 5.5, �0.815 5.5, �1.278
m/z 202.1586 202.1589 202.1589
FORMULA C14H20Nþ C14H20Nþ C14H20Nþ

RDB, D ppm NI, �2.0 5.5, �1.119 �0.624
m/z 174.1274 174.1276 174.1276
FORMULA C12H16Nþ C12H16Nþ C12H16Nþ

RDB, D ppm NI, �2.0 5.5, �0.724 5.5, �0.724
m/z 162.1274 162.1275 162.1276
FORMULA C11H26Nþ C11H26Nþ C11H26Nþ

RDB, D ppm NI, �2.0 4.5, �1.394 4.5, �0.778
m/z 136.1118 136.1119 136.1119
FORMULA C9H14Nþ C9H14Nþ C9H14Nþ

RDB, D ppm NI, �1.9 3.5, �1.293 3.5, �1.293
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to the Group 2 of other phylogenetic studies (Kremp et al., 2014;
Tillmann et al., 2014). The Chilean strains analyzed in the present
study grouped within a phylogenetic clade, a subgroup of Group 6
of Kremp et al. (2014), that includes a Peruvian strain (IMPLBA033),
with which they shared the characteristic of producing only PSP
toxins (Kremp et al., 2014, Table 1). The only difference in the toxin
profiles was that in some cases trace amounts of dcSTX were
detected in the Chilean strains (Table 1). Finally, the Baltic Sea strain
(AOTV-B4A) formed a monophyletic group with other strains from
the same area, as reported by Tahvanainen et al. (2012). The clade
also includes strains from the Atlantic coast of the USA (Borkman
et al., 2012; Tomas et al., 2012), one Chinese strain (ASBH01) (Gu
et al., 2013), and another from eastern Denmark (K1354) (Kremp
et al., 2014). All Baltic strains of this monophyletic clade, which
correspond to Group 1 of Kremp et al. (2014), are known to produce
PSP toxins. The toxin profile of Baltic A. ostenfeldii was shown by
Kremp et al. (2014) and Suikkanen et al. (2013) to include GTX-3,
STX, and GTX-2, which agrees with the results of our study. How-
ever, unlike the other strains in the clade, the Chinese strain pro-
duces only STX and neoSTX (Gu et al., 2013) and not GTXs. However,
all of these Group 1 strains are STX producers (Kremp et al., 2014).

With respect to the morphological features of the strains, the
Baltic Sea (AOTV-B4A) and Chilean Southern Sea (AOA32-2) strains
85
more closely match the A. ostenfeldii description of Balech and
Tangen (1985), and the Mediterranean Sea strain (VGO956) the
A. peruvianum description of Balech and de Mendiola (1977).
However, coinciding with Kremp et al. (2014), the morphological
study carried out in this work showed a tabulation of the thecal
plates too variable to be of use in defining and separating the above
mentioned genetically determined groups.

5. Conclusions

The morphology, phylogeny, and toxin profiles of the three
geographically differentiated strains of A. ostenfeldii investigated in
this study corroborate both the dissimilarities in toxin production
and the taxonomic complexities reported in the literature for this
species complex. While the Mediterranean Sea strain was charac-
terized by its SPX content, the Chilean strain was defined by PSP
toxins and the Baltic Sea strain by PSP toxins and GYM analogues.
The PSP toxin profiles of the southern Chile and Baltic strains were
coincident in their inclusion of GTX-3, GTX-2, and STX. However,
the Chilean strain was much more toxic than the Baltic strain. The
latter was the only strain with detectable amounts of GYM com-
pounds: analogues of GYM-A and GYM-B/-C. The toxin contents
(PSP toxins and/or SPX) of the three strains coincide with those of



Table 5
HRMS data obtained from AIF spectra acquired in the mass rangem/z 100e1000. List of measured accurate masses (m/z) for [MþH]þ and product ions of GYM-B/-C as recorded
by De la Iglesia et al. (2012) (left) and the GYM-B/-C analogue detected in the Baltic strain from this work (right). Retention times, exact mass and assigned formulae with
relative double bonds (RDB) equivalents, and mass accuracy measurements (D in ppm) are detailed. NI (no information).

Mass spectrum GYM-B/-C (De la Iglesia et al., 2012) Mass spectrum GYM-B/-C analogue (AOTV-B4A) RT 4.01 min

m/z 524.3365 524.3375
FORMULA C32H46NO

þ
5 C32H46NO

þ
5

RDB, D ppm NI, �1.1 10.5, 1.240
m/z 506.4 506.3257
FORMULA C32H44NO

þ
4 C32H44NO

þ
4

RDB, D ppm NI, NI 11.5, �1.551
m/z 488.4 488.3147
FORMULA C32H42NO

þ
3 C32H42NO

þ
3

RDB, D ppm NI, NI 12.5, �2.5
m/z NI 470.3039
FORMULA NI C32H40NO

þ
2

RDB, D ppm NI, NI 13.5, �3.096
m/z 462 462.3358
FORMULA C31H44NO

þ
2 C31H44NO

þ
2

RDB, D ppm NI, NI 10.5, �1.852
Product ion spectrum common with GYM-A
m/z 368.294 368.2569
FORMULA C24H37NOþ C24H34NO

þ
2

RDB, D ppm NI, �2.2 8.5, �4.089
m/z 304.2266 304.2266
FORMULA C19H30NO

þ
2 C19H30NO

þ
2

RDB, D ppm NI, �1.8 5.5, �1.662
m/z 286.2159 286.2159
FORMULA C19H28NOþ C19H28NOþ

RDB, D ppm NI, �2.4 6.5, �2.240
m/z 246.1847 246.1848
FORMULA C16H24NOþ C16H24NOþ

RDB, D ppm NI, �2.1 5.5, �1.791
m/z 216.1742 216.1744
FORMULA C15H22Nþ C15H22Nþ

RDB, D ppm NI, �2.1 5.5, �1.278
m/z 202.1586 202.1588
FORMULA C14H20Nþ C14H20Nþ

RDB, D ppm NI, �2.0 5.5, �1.119
m/z 174.1274 174.1276
FORMULA C12H16Nþ C12H16Nþ

RDB, D ppm NI, �2.0 5.5, �0.724
m/z 162.1274 162.1275
FORMULA C11H26Nþ C11H26Nþ

RDB, D ppm NI, �2.0 4.5, �1.394
m/z 136.1118 136.1119
FORMULA C9H14Nþ C9H14Nþ

RDB, D ppm NI, �1.9 3.5, �1.293

Fig. 7. Global distribution of PSP toxins, SPXs, and GYMs of A. ostenfeldii strains reported in the literature. The figure is based on the studies listed in Table 1, which include analyses
of PSP toxins and SPXs performed for the same strains as well as literature data on GYMs.
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other strains already reported from the same geographic origin and
belonging to the same phylogenetic group. This provides support
for the recognition of PSP toxins and/or SPX production as a char-
acteristic phenotypic trait of the genetically isolated populations, as
already suggested in the literature. However, in the case of GYM
compounds, further studies are needed before any related, defini-
tive conclusions can be reached.
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Abstract
Alexandrium ostenfeldii is present in a wide variety of environments in coastal areas world-

wide and is the only dinoflagellate known species that produces paralytic shellfish poisoning

(PSP) toxins and two types of cyclic imines, spirolides (SPXs) and gymnodimines (GYMs).

The increasing frequency of A. ostenfeldii blooms in the Baltic Sea has been attributed to

the warming water in this region. To learn more about the optimal environmental conditions

favoring the proliferation of A. ostenfeldii and its complex toxicity, the effects of temperature

and salinity on the kinetics of both the growth and the net toxin production of this species

were examined using a factorial design and a response-surface analysis (RSA). The results

showed that the growth of Baltic A. ostenfeldii occurs over a wide range of temperatures

and salinities (12.5–25.5°C and 5–21, respectively), with optimal growth conditions

achieved at a temperature of 25.5°C and a salinity of 11.2. Together with the finding that a

salinity > 21 was the only growth-limiting factor detected for this strain, this study provides

important insights into the autecology and population distribution of this species in the Baltic

Sea. The presence of PSP toxins, including gonyautoxin (GTX)-3, GTX-2, and saxitoxin

(STX), and GYMs (GYM-A and GYM-B/-C analogues) was detected under all temperature

and salinity conditions tested and in the majority of the cases was concomitant with both the

exponential growth and stationary phases of the dinoflagellate’s growth cycle. Toxin con-

centrations were maximal at temperatures and salinities of 20.9°C and 17 for the GYM-A

analogue and > 19°C and 15 for PSP toxins, respectively. The ecological implications of the

optimal conditions for growth and toxin production of A. ostenfeldii in the Baltic Sea are

discussed.
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Introduction
In recent decades, dinoflagellate species that are causative agents of harmful algal blooms
(HABs) have been studied intensively, due to their global proliferation and their adverse effects
on public health, recreation and tourism, fisheries, aquaculture and the ecosystems in which
they are found. Although measures to counter HABs are still lacking, it is clear that the control
of bloom events requires detailed knowledge of their basic features, including the adaptive
strategies of the responsible dinoflagellate species and the environmental factors that regulate
them [1]. Among toxin-producing dinoflagellates, members of the genus Alexandrium are the
causative agents of the most widespread seafood poisoning syndrome caused by HABs, para-
lytic shellfish poisoning (PSP) syndrome. Toxigenic Alexandrium species are mainly distrib-
uted within coastal and temperate waters, although toxic populations are also found in sub-
tropical, tropical, and perhaps even Arctic waters [2]. Currently, this genus includes 31 mor-
phologically defined species, of which 12 produce PSP toxins [3, 4]. Among these well-known
species, Alexandrium ostenfeldii (or synonym Alexandrium peruvianum) is the only member
of the genus Alexandrium able to produce toxins of the cyclic imine type, including spirolide
(SPX) and gymnodimine (GYM) [5–8]. Cyclic imine toxins are a family of structurally related
marine neurotoxins of dinoflagellate origin that contaminate shellfish. Their basic structure
consists of an imine moiety as a part of a bicyclic ring system [9]. These toxins display fast-act-
ing toxicity when injected intraperitoneally in laboratory mice, although there have been no
reported cases of poisoning in humans [10, 11]. The toxin profiles of A. ostenfeldii are complex.
A. ostenfeldii was identified as the source of SPX toxins in Nova Scotia, Canada [5], even
though it had been previously reported as a source of PSP-associated neurotoxin, which also
causes a toxic syndrome [12]. In recent studies [6–8], GYM was shown to be produced by A.
ostenfeldii strains of different geographic origin.

A recent study on phylogenetic, morphological, and toxin profiles of A. ostenfeldii and A.
peruvianum strains from diverse geographic origins showed that A. peruvianum should be con-
sidered synonymous with A. ostenfeldii, and therefore discontinued as a distinct taxon [13].
Thus, the two species are considered synonymous herein. The first record of A. ostenfeldii was
from the northern coast of Iceland [14], but the species has since been reported in most cold
water environments, from the high latitudes of the Atlantic Ocean and northern Europe [12,
15–18] to the southern Pacific Ocean off the coast of austral Chile and Argentina [19–22].
However, A. ostenfeldii also occurs in warm waters, including off the coasts of Peru [23, 24],
Malaysia [25], Spain [26], Italy [27], and Greece [28]. A. ostenfeldii also tolerates a wide range
of salinities, based on its presence in the low-salinity environments of the Baltic Sea [29] and
Chilean fiords and channels [22, 30] but also along the Mediterranean coast, where the salini-
ties are higher [27, 31].

The toxin profiles of strains from those diverse environments also vary, with the production
of SPX or PSP toxin by some strains depending upon the region of origin [6, 29]. For example,
strains of A. ostenfeldii from the Baltic Sea mainly produce PSP toxins but not SPXs; those of
the North Sea and Mediterranean Sea produce SPXs [6, 13]; and those of the Kattegat Sea
(located between the Baltic Sea and the North Sea) produce both. The production of GYM tox-
ins by Baltic Sea strains was recognized only recently [6, 8] and, thus far, only Narragansett
and New River (USA) strains of A. ostenfeldii contain PSP toxins and the two cyclic imines
(SPX and GYM) [7, 32, 33].

The relationship between environmental factors and toxin production by dinoflagellates is
complex. Experimental studies have shown that the production of either SPXs or PSP toxins by
A. ostenfeldii is influenced by salinity, temperature, and nutrients (see [29, 34, 35]). Whether
this is also the case for the recently discovered GYM toxins in A. ostenfeldii strains is unclear.
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Thus, in the present work, we used a kinetic and factorial approach to study the effects of salin-
ity and temperature on growth and toxin production by a strain of A. ostenfeldii isolated from
the Baltic Sea.

Material and Methods

Culture conditions
Alexandrium ostenfeldii strain AOTV-B4A was isolated from the Baltic Sea (Åland, Finland) in
summer 2004 and is maintained as part of our culture collection of toxic microalgae at the
Spanish Institute of Oceanography in Vigo (CCVIEO: http://www.vgohab.es/). The cultures
were acclimated gradually to different salinities (max. 3–4 salinity units at a time) and tempera-
tures for at least during three transfers after reaching the stationary phase, according to the
experimental conditions selected to develop the factorial design (Table 1). Pyrex glass bottles
(1 L) containing 500 mL of L1 medium without silicate [36] were inoculated with exponentially
growing cells (2,000–4,000 cells mL-1) to a final concentration of 900 cells mL-1. The medium
was prepared using seawater collected from the Galician shelf at a depth of 5 m and adjusted to
the salinities listed in Table 1 by the addition of sterile MQ water (Milli-Q; Millipore, USA). A
photoperiod of 12 h of light (photon flux approximately 100 μmol m–2 s–1) and 12 h of dark-
ness was used. Growth was monitored as cell yield (cells mL-1) throughout the growth cycle of
A. ostenfeldii. Eight or nine samples (6–28 mL) were collected in total from each of the cultures
during the experimental period and used in the toxin analyses (PSP toxins and cyclic imines:
SPX and GYM) and cell counts. Sampling resulted in the removal of no more than 27% of the
total volume of each culture. Samples used to determine cell counts were fixed with Lugol solu-
tion. Cell density was determined by light microscopy using a Sedgwick–Rafter chamber.

Harmful effects due to a high pH and the pH changes resulting from the different cell con-
centrations in the treatments were controlled through a pH-measurement experiment per-
formed throughout the entire growth cycle of the A. ostenfeldii strain using two replicates at
S5/T19 and S9.7/T23.6. The pH kinetics were very similar in the two cultures, which yielded
high (S9.7/T23.6 maximum of 22,266 cells mL-1) and low (S5/T19 maximum of 8,485
cells mL-1) rates of growth. The pH varied during growth progression by 1 and 1.5 units,

Table 1. Experimental domain and codification of the independent variables in the factorial rotatable
design.

Coded values Natural values

S T (°C)

-1.41 5.0 12.5

-1 9.7 14.4

0 21.0 19.0

+1 32.3 23.6

+1.41 37.0 25.5

Codification: Vc = (Vn-V0)/ΔVn.

Decodification: Vn = V0 + (ΔVn × Vc).

Vn = natural value of the variable to be codified.

Vc = codified value of the variable.

V0 = natural value in the center of the domain.

ΔVn = increment of Vn for unit of Vc.

doi:10.1371/journal.pone.0143021.t001
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respectively, and never exceeded 9.10. The results showed that CO2 was not a limiting factor
for cell growth in the cultures.

Extraction and analysis of toxins
The content and relative proportions of PSP toxin and cyclic imines (SPXs and GYMs) in sam-
ples from cultures exposed to different experimental conditions were determined as follows:
Two culture subsamples were filtered through GF/F glass-fiber filters (25 mm diameter; What-
man, Maidstone, England) and maintained in a freezer at –20°C. After two freeze/thaw cycles,
the samples were sonicated (1 min, 50 Watts) and then centrifuged (14,000 rpm, 10 min, 5°C).
One of the filters was extracted twice with 0.05 M acetic acid for PSP toxin analysis and the
other twice with 100% methanol for SPX and GYM toxin analyses. The extracts (1.5 mL each)
were kept at –20°C until used in the respective analysis, at which time they were left at ambient
temperature and then filtered through 0.45-μm syringes filter.

PSP toxins were analyzed by high-performance liquid chromatography (HPLC) with post-
column oxidation and fluorescence detection (FD) according to the method of Rourke et al.
[37], with slight modifications, and by using a Zorbax Bonus RP (4.6 × 150 mm, 3.5 μm) col-
umn. SPX and GYM toxins were identified by liquid chromatography coupled to high-resolu-
tion mass spectrometry (LC–HRMS). The methanolic extracts were analyzed on a Dionex
Ultimate 3000 LC system (Thermo Fisher Scientific, San Jose, California) coupled to an Exac-
tive mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with an Orbi-
trap mass analyzer and a heated electrospray source (H–ESI II). Nitrogen (purity> 99.999%)
was used as the sheath gas, auxiliary gas, and collision gas. The instrument was calibrated daily
in positive and negative ion modes. Mass acquisition was performed in positive ion mode with-
out and with all ion fragmentation (AIF) higher-energy collisional dissociation (HCD) of 45
eV. The mass range wasm/z 100–1000 in both full-scan and AIF modes. SPXs and GYMs were
separated and quantified according to the Standardized Operating Procedure validated by the
European Union Reference Laboratory for Marine Biotoxins [38]. In case another SPX or
GYM different from the standards was identified in samples, it was quantified as 13-desmethyl
SPX-C or as GYM-A equivalents, based on the respective calibrations available and assuming
equal responses. The X-Bridge C18 (100 × 2.1 mm, 2.5 μm) column was maintained at 25°C;
the injection volume was 20 μL and the flow rate 400 μL min–1 (for details, see [6]).

Mathematical modeling of A. ostenfeldii growth and toxin production
The sigmoid kinetics of A. ostenfeldii growing under different experimental conditions were fit-
ted to the logistic equation [39, 40]:

G ¼ Gm

1þ exp 2þ 4vm
Gm

ðl� tÞ
h i ð1Þ

This equation can be easily reformulated to obtain parameters that describe and character-
ize the different phases represented in the sigmoid growth curves [41]:

G ¼ Gm

1þ exp½ mmðt� tÞ� and tm ¼ tþ Gm

2vm
ð2Þ

where G is the dinoflagellate growth concentration (cells mL-1); t, the culture time in days (d);
Gm, the maximum cell concentration (cells mL-1); μm, the maximum specific growth rate (d−1);
τ, the time required to achieve the semi-maximum cell concentration or Gm/2 (d); vm, the
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maximum growth rate (cells mL−1 d−1); λ, the lag phase (d); and tm, is the time required to
achieve the beginning of Gm or plateau phase (d).

Net toxin production followed first-order kinetics [39], described by:

Tx ¼ T0expðrtÞ ð3Þ

where Tx is the net production of the PSP (pg cell-1) or the GYM-A analogue (pg GYM-A eq.
cell-1) toxins; t, the culture time (d); T0, the initial toxin content (pg cell-1); and r, the specific
net toxin production rate (d−1).

Numerical methods for growth and toxin production curve modeling
Dinoflagellate growth and net toxin production were modeled by minimizing the sum of the qua-
dratic differences between the observed and predicted values, using the non-linear least-squares
(quasi-Newton) method provided by the macro “Solver” of theMicrosoft Excel spreadsheet. Confi-
dence intervals from the parametric estimates (Student’s t test) and the consistency of the mathe-
matical models (Fisher’s F test) and residual analysis (Durbin-Watson test) were evaluated by
“SolverAid”macro (Levie's Excellaneous website: http://www.bowdoin.edu/~rdelevie/excellaneous).

Experimental design and statistical analysis
The effects of the independent variables salinity (S), in the range 5–37, and temperature (T), in
the range 12.5–25.5°C, on the kinetic parameters that characterize the growth (G, in cells mL-1)
and net toxin production (Tx, in pg cell

-1) of A. ostenfeldii were studied using a rotatable second-
order design, with five replicates in the center of the experimental domain [42]. Table 1 summa-
rizes the encoding of the independent variables and the experimental conditions employed.

Orthogonal least-squares calculation of the factorial design data were used to obtain [42]
empirical equations describing the combined effects of the environmental factors (S and T) on
the kinetic parameters obtained from Eqs (1–3). The general form of the polynomial equations is:

R ¼ b0 þ
Xn

i¼1

biXi þ
Xn�1

i¼1
j>i

Xn

j¼2

bijXiXj þ
Xn

i¼1

biiX
2
i ð4Þ

where R represents the response (dependent variable) to be modeled (growth and net toxin pro-
duction parameters); b0 is the constant coefficient; bi, the coefficient of the linear effect; bij, the
coefficient of the interaction effect; bii, the coefficients of the squared effect; n, the number of vari-
ables; and Xi and Xj, the independent variables (S and T). The statistical significance of the coeffi-
cients was verified using Student t-test (α = 0.05). Goodness-of-fit was established as the adjusted
determination coefficient (R2adj), and the model’s consistency by Fisher’s F test (α = 0.05) using
the following mean squares ratios:

The model is acceptable when

F1 = Model / Total error F1 ≥ Fnum
den

F2 = (Model + Lack of fit) / Model F2 � Fnum
den

F3 = Total error / Experimental error F3 � Fnum
den

F4 = Lack of fit / Experimental error F4 � Fnum
den

where Fnum
den are the theoretical values for α = 0.05, with the corresponding degrees of freedom

for numerator (num) and denominator (den). The model is acceptable when F1 and F2 are val-
idated. F3 and F4 were additionally calculated to improve the degree of robustness and the
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consistency of the empirical equations obtained. All fitting procedures, coefficient estimates,
and statistical calculations were performed on a Microsoft Excel spreadsheet.

Results

Toxin characterization
The LC analyses showed detectable amounts of PSP toxins in all of the culture extracts of A.
ostenfeldii strain AOTV-B4A. The toxin profile was dominated by gonyautoxin (GTX)-3, fol-
lowed by saxitoxin (STX), and GTX-2 in proportions of 62.7%, 35.5%, and 1.8%, respectively.
The proportions were similar in all cultures. In LC–HRMS analyses of the culture methanolic
extracts, GYM-A and GYM-B/-C analogues but not SPXs were detected. Since only the stan-
dard for GYM-A is available, an equimolar response for the GYM-A analogue detected was
assumed and the analogue was quantified as GYM-A equivalents (pg GYM-A eq. cell-1). In
addition, although all culture samples were also screened for the presence of 12-methyl GYM,
it was not detected under any conditions.

Growth and toxin production kinetics
Both the analysis of the growth of A. ostenfeldii under the conditions defined by the factorial
design (Table 1) and the kinetic profiles fitted to the experimental data according to Eq (1) are
shown in Fig 1. Table 2 lists the values of the kinetic parameters and provides the data used in the
statistical analyses of the numerical fittings. The predictive ability of Eq (1) in modeling the exper-
imental data was high, as shown by determination coefficients (R2)� 0.965. All of the parameters
for A. ostenfeldii growth, except the numerical values of the lag phases (λ), were statistically signif-
icant (α = 0.05). Autocorrelation was not observed in the residuals distribution (data not shown).
In three of the experimental conditions (salinities� 32), there was no significant growth of A.
ostenfeldii, as determined by the kinetic analysis; the cell yields were not higher than the inoculum
(900 cells mL-1) (Fig 1). In those cases, the values of the parameters used as dependent variables
(responses) in the subsequent response-surface analysis (RSA) and calculation were set at zero.

Fig 2 shows the kinetics of the net production of the PSP toxins (sum of GTX-3, GTX-2,
and STX) and the GYM-A analogue under the conditions defined by the factorial design
(Table 1) and fitted to the first-order kinetic model (3). In general, the experimental kinetics of
the net production of those biotoxins over time were acceptably modeled by Eq (3). The coeffi-
cients of determination of the fittings were in the range of 0.246–0.957 for PSP toxins and
0.101–0.981 for GYM-A analogue. The kinetics of both groups of toxins were consistent with a
mixed-growth-associated model, since content toxin increased during the exponential phase of
growth and continued to increase during stationary phase (Figs 1 and 2). No change in toxin
content was detected under the experimental conditions in which there was no significant
growth (salinities� 32) (Fig 2).

Combined effect of temperature and salinity on growth parameters by
RSA
The simultaneous effects of the environmental factors S and T on the kinetic parameters of A.
ostenfeldii obtained from the logistic model (Table 2) were studied using a RSA. For the cases
in which no growth detected (NGD in Table 2), the experimental response was considered to
be zero. The design and numerical responses of the 2-factor rotatable design are summarized
in Table 2. Parameter data describing the growth of A. ostenfeldii were converted into second-
order polynomial equations as a function of S and T. The polynomial model describing the
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correlation between the responses and the variables therefore followed the general form
described by Eq (4) (Table 3).

A high proportion of variability (83% for Gm and 84% for vm) was successfully explained by the
second-order equations. The agreement between the experimental and predicted data was
always> 69% (Table 3). The robustness of the equations was perfect in all cases except the F4
(Fisher F test) of τ, which was not significant. Thus, the empirical equations shown in Table 3 were
very good predictors of the growth of A. ostenfeldii in the S and T ranges evaluated in this study.

Fig 3 shows the theoretical surfaces for each parameter as the response of a dependent variable.
The results of the multivariate analysis showed that, for all growth parameters, the effect of T was
only linear whereas S always had significant quadratic negative terms (P< 0.05). The coefficient
of interaction between the variables (S × T) was only significant for the vm response. The statistical
significance of the coefficient of S2 and its negative value were graphically translated as a convex
dome with a clear maximum point within the experimental domain of the salinity (Fig 3). The
salinity concentrations that maximize A. ostenfeldii growth were determined by mathematical
optimization using the numerical or manual derivation of the equations in Table 3 [43]. The natu-
ral values of those optima and the maximum value of the responses in each case (Ymax) are sum-
marized in Table 4. Thus, the conditions yielding the maximum growth of the dinoflagellate
(average of the Gm, vm and μm results) were a salinity of 11.2 and a temperature of at least 25.5°C.

Fig 1. Growth kinetic profiles.Growth kinetics of Alexandrium ostenfeldii strain AOTV-B4A cultivated under
the environmental conditions defined by the factorial design summarized in Table 1. Experimental data
(symbols) were fitted to Eq (1) (lines).

doi:10.1371/journal.pone.0143021.g001

Growth and Toxins by the Dinoflagellate Alexandrium ostenfeldii

PLOSONE | DOI:10.1371/journal.pone.0143021 December 4, 2015 7 / 19

97



Combined effect of temperature and salinity on toxin production by RSA
Based on Eq (3), the specific net production rates (r) of the PSP toxins and the GYM-A ana-
logue were selected as the response to be studied with respect to T and S. The effects of temper-
ature and salinity on the toxin concentrations obtained at the end of their production by A.
ostenfeldii cells were also evaluated. Fig 4 depicts the surfaces predicted by the second-order
equations shown in Table 5. In all cases, the coefficient of the salinity effect (linear and qua-
dratic) was negative, with a parabolic pattern (dome surface), and was in complete concor-
dance with the results obtained for dinoflagellate cell growth. The influence of T was also
quadratic except for the r-response of PSP toxin, in which only a linear term was significant as
previously described for the growth of A. ostenfeldii (Fig 3).

The optimal S and T values needed to maximize toxin concentrations and the theoretical
maximum values of the variables (Ymax) calculated from these optima are summarized in
Table 6. These levels were different depending on the toxin; thus, the Sopt values for PSP toxin
and GYM-A analogue were 15 and 17, respectively (calculated in each case as the average of
the two responses selected). The Topt for the GYM-A analogue was 20.9°C whereas that for PSP
toxin was 19°C.

Discussion

Growth and toxin production kinetics and the combined effects of
temperature and salinity
The results of the present work clearly demonstrated the effects of temperature and salinity on
the growth of one strain of A. ostenfeldii from the Baltic Sea. The values of the six kinetic
parameters used (Gm, vm, λ, μm, τ, and tm) during each experimental condition were accurately

Table 2. Summary of the parameter values (dependent variables) obtained from fitting the data on A. ostenfeldii growth to Eqs (1) and (2). X1: salin-
ity and X2: temperature (°C). The natural values of the experimental conditions are shown in brackets.

Independent variables Growth parameters

X1: S X2: T Gm (cells mL-1) vm (cells mL-1 d-1) λ (d) μm (d-1) τ (d) tm (d) R2 p-value

-1 (9.7) -1 (14.4) 17,912 ± 6,775 351.2 ± 88.6 1.0 (NS) 0.082 ± 0.043 25.5 ± 12.3 50.0 ± 24.6 0.976 <0.001

1 (32.3) -1 (14.4) NGD NGD NGD NGD NGD NGD NGD NGD

-1 (9.7) 1 (23.6) 25,239 ± 6,775 983.1 ± 314.4 2.8 (NS) 0.156 ± 0.071 15.7 ± 4.2 28.5 ± 9.2 0.973 <0.001

1 (32.3) 1 (23.6) NGD NGD NGD NGD NGD NGD NGD NGD

-1.41 (5) 0 (19) 15,372 ± 3,132 479.3 ± 141.4 2.3 (NS) 0.125 ± 0.054 18.3 ± 4.9 34.4 ± 11.0 0.97 <0.001

1.41 (37) 0 (19) NGD NGD NGD NGD NGD NGD NGD NGD

0 (21) -1.41 (12.5) 13,110 ± 2,389 261.1 ± 52.0 14.1 ± 5.0 0.080 ± 0.024 39.2 ± 6.7 64.3 ± 13.4 0.982 <0.001

0 (21) 1.41 (25.5) 22,237 ± 2,772 1,053.5 ± 257.8 1.1 (NS) 0.190 ± 0.060 11.7 ± 2.2 22.3 ± 5.0 0.987 <0.001

0 (21) 0 (19) 18,361 ± 3,542 476.8 ± 94.9 0.4 (NS) 0.104 ± 0.034 19.6 ± 5.0 38.9 ± 10.7 0.983 <0.001

0 (21) 0 (19) 16,523 ± 1,506 608.5 ± 125.3 0.5 (NS) 0.147 ± 0.038 14.0 ± 2.1 27.6 ± 5.0 0.988 <0.001

0 (21) 0 (19) 13,222 ± 1,838 512.7 ± 184.2 -0.4 (NS) 0.155 ± 0.068 12.5 ± 3.3 25.4 ± 7.8 0.965 <0.001

0 (21) 0 (19) 14,234 ± 1,435 538.4 ± 141.5 -1.2 (NS) 0.151 ± 0.049 12.0 ± 2.4 25.2 ± 5.8 0.981 <0.001

0 (21) 0 (19) 19,459 ± 2,062 710.2 ± 161.8 -1.1 (NS) 0.146 ± 0.042 14.8 ± 2.5 28.4 ± 5.7 0.986 <0.001

Codification: Vc = (Vn–V0)/ ΔVn; Decodification: Vn = V0+(ΔVn×Vc)

Vn = natural value in the center of the variable to be codified; ΔVn = increment of Vn per unit of Vc. Vc = codified value of the variable; V0 = natural value in

the center of the domain

NS: not significant; NGD: no growth detected. Error values associated with the parameter determinations are the confidence intervals (CI) for α = 0.05.

doi:10.1371/journal.pone.0143021.t002

Growth and Toxins by the Dinoflagellate Alexandrium ostenfeldii

PLOSONE | DOI:10.1371/journal.pone.0143021 December 4, 2015 8 / 19

98



predicted by the logistic function of Eq (1). The resulting sigmoid patterns and the validity of
the model (1) that described them have been frequently reported for microorganisms cultivated
under batch conditions [44–49] and for higher organisms subjected to extensive or intensive
feeding [50–52]. The growth of marine organisms, including bacteria, rotifers, molluscs, dino-
flagellates, and microalgae, is also well-fitted by a logistic function, reflecting the involvement
of autocatalytic pathways [53–57]. Our results are in agreement with the growth rates reported
for strains of A. ostenfeldii isolated from the Baltic Sea, Skagerrak, North Sea, and Nova Scotia
[29, 34, 58] and for the yessotoxin-producing dinoflagellate P. reticulatum [39]. However, the
values of the parameters Gm or K, vm and μm were generally lower for A. ostenfeldii than for P.
reticulatum. Also, the growth of A. ostenfeldii was slower than that of Alexandrium species (A.
tamarense, A.minutum, and A. tamutum) in Scottish waters [59] and Alexandrium isolates
from other latitudes [60–62].

RSA based on a factorial design is used to optimize the effect of environmental factors for a
small number of experiments (13, with 5 replicates in the center of the experimental domain
for a second-order rotatable design) [42]. The empirical equation obtained from this analysis
provides the information needed to predict the values of the dependent variables in the

Fig 2. Toxin-production kinetic profiles. Kinetics of net toxin production by strain AOTV-B4A cultivated
under the environmental conditions defined by the factorial design summarized in Table 1. �: PSP toxins (pg
cell-1), ●: GYM-A analogue (pg GYM-A eq cell-1). Experimental data (symbols) were fitted to Eq (3) (lines).

doi:10.1371/journal.pone.0143021.g002
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experimental range studied. Although this type of approach is not commonly used to study the
growth of marine organisms in response to different effectors, previous results have demon-
strated its validity and its potential as a process predictor. For example, the influence of three
factors (temperature, salinity, and irradiance) on the growth kinetics of P. reticulatum was
studied by means of a first-order factorial design [39]. Similar statistical tools were used to
assess the positive and negative effects of salinity, inoculum size, and temperature on cyst and
planozygote formation by A.minutum [63]. Analysis of the enhancement of rotifer (Brachio-
nus plicatilis) growth in the presence of a combination of lactic acid bacteria was optimized by
RSA [55]. The approach used in this work can be applied to define the environmental windows
allowing species growth, especially those species with an extended geographic distribution, as is
the case for A. ostenfeldii. Although generalizations based on culture studies should consider
within-species variation [64, 65], it adds to the limited data available on the autecology of this
species and allows conclusions to be drawn regarding the biogeography of the different popula-
tions of this dinoflagellate, based on comparisons between culture data and data on the envi-
ronmental conditions of its habitats.

In our study, the temperature- and salinity-dependent growth window for Baltic A. ostenfel-
dii AOTV-B4A reflected the broad tolerance of this strain to a wide range of temperatures and
to low salinities. In fact, the only condition completely limiting growth was a salinity� 32.
Although we could not determine the maximum threshold value for salinity, in a previous
study it was 25 [6]. In the present study, cell growth occurred at a salinity range of 5–21 and at
temperatures of 12.5–25.5°C, with optima at a salinity of 11.2 and a minimum temperature of
25.5°C. These results, and particularly the optimal salinity, are consistent with the values
reported by Kremp et al. [16] for A. ostenfeldii strains AOTV-A1 and AOTV-A4, isolated, as
our strain, from the Åland islands (Finnish Baltic Sea). Similar temperature ranges for growth
were determined by Østergaard and Moestrup [17] for cultures of a Danish strain isolated
from Limfjord (Kattegat Sea), whereas salinities allowing growth were between 10 and 40, with
optimum growth achieved at 15–20. We have no information on the salinities of the waters
where the Danish strain was isolated; however, its adaptation to a higher salinity suggests that

Table 3. Second-order equations describing the effects of S and T on the growth parameters of A. ostenfeldii AOTV-B4A (used in coded values
according to the criteria defined in Table 1). The coefficient of adjusted determination (R2

adj) and the F-values (F1, F2, F3 and F4) are also shown. S: signifi-
cant; NS: non-significant.

Parameters Gm (cells mL-1) vm (cells mL-1 d-1) μm (d-1) τ (d) tm (d)

b0 (intercept) 16,365 569.6 0.141 14.60 29.14

b1 (S) -8,037 -252.0 -0.052 -8.40 -15.92

b2 (T) 2,623 219.3 0.029 -6.09 -10.12

b12 (SxT) NS -158.0 NS NS NS

b11 (S2) -4,881 -194.7 -0.049 -4.50 -8.68

b22 (T2) NS NS NS 3.69 NS

R2
adj 0.829 0.844 0.773 0.689 0.703

F1 20.33 17.17 14.63 7.65 10.46

½F3
9 = 3.86] ) S ½F4

8 = 3.84] ) S ½F3
9 = 3.86] ) S ½F4

8 = 3.84] ) S ½F3
9 = 3.86] ) S

F2 0.416 0.545 0.438 0.614 0.469

½F8
3 = 8.85] ) S ½F8

4 = 6.04] ) S ½F8
3 = 8.85] ) S ½F8

4 = 6.04] ) S ½F8
3 = 8.85] ) S

F3 1.727 2.15 20.52 3.98 3.46

½F9
4 = 5.99] ) S ½F8

4 = 6.04] ) S ½F9
4 = 5.99] ) S ½F8

4 = 6.04] ) S ½F9
4 = 5.99] ) S

F4 2.308 3.29 20.52 6.96 5.44

½F5
4 = 6.26] ) S ½F4

4 = 6.39] ) S ½F5
4 = 6.26] ) S ½F4

4 = 6.39]) NS ½F5
4 = 6.26] ) S

doi:10.1371/journal.pone.0143021.t003
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it is from an area of the Kattegat Sea located closer to the North Sea than to the most northern
part of the Baltic Sea [29], which is where our strain was obtained. The positive effects of tem-
perature on Gm, vm, and μm (increasing response at increasing temperature) are compatible
with the Arrhenius theory but with a linear rather than the typical exponential relationship.
This may be due to the narrow experimental range selected in this study and/or to the type of
factorial design, in which only linear and quadratic coefficients, and not exponential expres-
sions, could be evaluated. The robustness of our results was confirmed by the negative value of
the temperature linear coefficient in the equations describing τ ant tm (Table 3), which were
inversely proportional to those obtained for the other parameters. This was expected because

Fig 3. Combined effects of temperature and salinity on growth by RSA. Theoretical response surfaces
describing the combined effects of temperature and salinity on the kinetic parameters described by Eqs (1)
and (2): (A) maximum growth (Gm), (B) maximum growth rate (vm), (C) specific maximum growth rate (μm),
and (D) time to achieve the plateau phase (tm).

doi:10.1371/journal.pone.0143021.g003

Table 4. Optimal values of salinity and temperature (Sopt and Topt) needed to obtain the maximum values (Ymax) using the equations shown in
Table 3 and for the different dependent variables studied (growth parameters).

Gm (cells mL-1) vm (cells mL-1 d-1) μm (d-1) τ (d) tm (d)

Sopt 11.68 6.79 15.04 10.44 10.63

Topt >25.5 >25.5 >25.5 <12.5 <12.5

Ymax 23,607 1,206 0.198 17.69 51.62

doi:10.1371/journal.pone.0143021.t004
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when growth is higher and faster (high Gm and high vm and μm), the values of τ and tm are
smaller.

Our results also demonstrated the influence of temperature and salinity on the kinetics of
net toxin production of A. ostenfeldii. The bioproduction of lipophilic (GYM-A analogue) and
PSP toxins in most cases occurred concomitantly during the exponential growth and stationary
phases, following characteristics of mixed metabolites as described by the Luedeking-Piret defi-
nition (Figs 1 and 2). A similar behavior was reported for yessotoxin production by P. reticula-
tum, nodularin synthesis by Nodularia spumigena [54], and net PSP production by A.
ostenfeldii from the Baltic Sea [29] and by several other Alexandrium species from diverse geo-
graphic origins [61, 66, 67]. Nevertheless, in our study there were also culture conditions in
which toxin production differed from that described above. Specifically, when the cultures
were exposed to low temperature, net toxin production was not consistent with growth (see
plots for 12.5°C in Figs 1 and 2), suggesting the involvement of other factors. In fact, in our
experiment, in the absence of a clear stationary phases (temperatures of 12.5°C and 14.4°C),
the error associated with the Gm-parameter was higher than in cultures in which a well-defined
asymptotic phase occurred. The changes in cell size may explain this difference. Both Granéli

Fig 4. Combined effects of temperature and salinity on toxin production by RSA. Theoretical response
surfaces describing the combined effects of temperature and salinity on the specific (A) PSP toxin and (B)
GYM-A analogue net production rates (r), and on the net production of (C) PSP toxins (pg cell-1) and (D)
GYM-A analogue (pg GYM-A eq. cell-1) at the end of the A. ostenfeldii culture period.

doi:10.1371/journal.pone.0143021.g004
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and Flynn [68] and Anderson et al. [69] noted that, during the growth cycle, the observed
changes in the culture and in cell toxin content may simply reflect changes in cell size and the
variability of growth or life-cycle stages as a function of changes in nutrient status, temperature,
or salinity. This is consistent with the variations in the size of A. ostenfeldii cells in strains
exposed to different experimental conditions [6, 16, 17, 59], which demonstrated that cell size
variations are common in the life cycle of the species and are related to the culture growth
phase and to the sexual vs. asexual origin of the cells. A larger mean cell volume during station-
ary phase as well as abundant large and small temporary cysts, most likely of asexual and sexual
origin [70], were reported from Danish strain cultures by Østergaard and Moestrup [17].
Microscopic analysis of cells from our 12.5°C culture showed an abundance of large, dark,
elongated cells suggestive of planozygotes. This culture condition also resulted in the largest
numbers of double-walled (resting) cysts (unpublished data). Previous studies of the same
strain showed that a temperature of 15°C results in significantly (P< 0.05; n = 90) larger cells
than obtained at higher temperatures [6]. These observations suggest that sexual reproduction
is induced in the cultures at low temperatures, which might also explain the fluctuations in
toxin production observed at 12.5°C in this study as well as the higher error associated with the
Gm-parameter at low temperatures.

Table 5. Second-order equations describing the effects of T and S on net toxin productions (PSP toxin and GYM-A analogue) by A. ostenfeldii.
The coefficient of adjusted determination (R2

adj) and the F-values (F1, F2, F3, and F4) are also shown. S: significant; NS: non-significant.

PSP toxin GYM-A analogue

Parameters r (d-1) PSP toxin (pg cell-1) r (d-1) GYM-A analogue (pg GYM-A eq. cell-1)

b0 (intercept) 0.047 7.82 0.047 24.57

b1 (S) -0.014 -2.85 -0.015 -4.47

b2 (T) 0.012 NS 0.013 3.98

b12 (SxT) NS NS NS NS

b11 (S2) -0.017 -2.24 -0.015 -10.91

b22 (T2) NS -2.00 -0.013 -5.95

(R2
adj) 0.504 0.664 0.715 0.819

F1 4.05 8.91 8.54 14.53

½F3
9 = 3.86] ) S ½F3

9 = 3.86] ) S ½F4
8 = 3.84] ) S ½F4

8 = 3.84] ) S

F2 0.713 0.465 0.571 0.56

½F8
3 = 8.85] ) S ½F8

3 = 8.85] ) S ½F8
4 = 6.04] ) S ½F8

4 = 6.04] ) S

F3 5.370 1.537 1.265 5.94

½F9
4 = 5.99] ) S ½F9

4 = 5.99] ) S ½F8
4 = 6.04] ) S ½F8

4 = 6.04] ) S

F4 8.867 1.967 1.530 10.88

½F5
4 = 6.26] ) NS ½F5

4 = 6.26] ) S ½F4
4 = 6.39] ) S ½F4

4 = 6.39] ) NS

doi:10.1371/journal.pone.0143021.t005

Table 6. Optimal values of salinity and temperature (Sopt and Topt) needed to obtain the maximum val-
ues (Ymax) using the equations shown in Table 5 and for the different dependent variables studied
(toxin productions).

PSP toxin GYM-A analogue

r (d-1) PSP toxin (pg cell-1) r (d-1) GYM-A analogue (pg GYM-A eq. cell-1)

Sopt 16.1 13.8 15.3 18.7

Topt >25 19.0 21.2 20.5

Ymax 0.067 8.73 0.054 25.7

doi:10.1371/journal.pone.0143021.t006
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Little is known about the diversity, distribution, and production of GYMs by A. ostenfeldii.
The only other producer of GYMs (GYM-A, GYM-B and GYM-C) identified to date is the
phylogenetically distant dinoflagellate Karenia selliformis [11, 71–74], such that most studies of
GYM toxin production have focused on this species. Thus far, the only study to quantify GYM
production was conducted by Tatters et al. [75], using an isolate of A. peruvianum (syn. of A.
ostenfeldii) from the New River Estuary, North Carolina (USA). Under nutrient-replete culture
conditions, 12-methyl GYM concentrations peaked (up to 73.3 pg cell-1) during stationary
phase (day 36), as was the case in most of our cultures. Harju et al. [8] provided a qualitative
description of two separate GYM analogues produced by isolates from the Baltic Sea and Saan-
ich (Canada) and of GYM-like compounds produced by some cultures established from the
Baltic Sea. It is demonstrated that, as with SPX and PSP toxin, GYM production by A. ostenfel-
dii is geographically highly variable, including within a particular region [6, 13, 18, 29, 59, 76].
Thus far, lipophilic toxin production by A. ostenfeldii has been mainly linked to SPXs [34, 77,
78]. However, further studies quantifying GYM production in this species will provide greater
insight into the dynamics of the biosynthesis of this toxin and its variability.

Ecological implications
The accurate prediction and assessment of toxic episodes by dinoflagellates are hindered by the
poor understanding of the factors affecting toxin production by dinoflagellates. Chemical, physi-
cal, and biotic factors are known to influence toxin production, including nutrients, temperature,
salinity, irradiance, and grazing [68, 79]. For example, the complex ecological mechanisms
underlying toxin production responses are evidenced by grazing, which can act to restrain dino-
flagellate populations or enhance toxin content [80]. Our data are robust enough to allow the use
of RSA as a predictor of a changing environment, although some limitations must be considered.
First, the system giving rise to toxin production cannot be considered in its entirety. Second,
because the results were derived from a single strain, any broader ecological interpretation must
be made with caution [64]. According to our observations on the growth of the Baltic A. ostenfel-
dii strain AOTV-B4A, salinities in the range of 5–21 and temperature of 12.5–25.5°C are compat-
ible with growth, although the respective values resulting in maximum growth were 11.2 and
25.5°C. Consequently, the strain appears to be a eurytherm adapted to brackish-water conditions.
Although this strain may not be representative of all Baltic Sea populations of the species or of
the species in general, for which we would need to work with many isolates, our data and those
reported in the literature raise several interesting issues. For example, the intraspecific and intra-
population variability of A. ostenfeldiiwith respect to temperature and salinity is not well known
yet, although variations in the responses of different strains from different geographic locations
characterized by a very wide range of environmental conditions have been extensively described
[6, 17, 29, 34, 35, 58, 81]. Reaction norms of multiple isolates for temperature and salinity have
not been published so far, but previous studies on Baltic isolates suggest that the environmental
window described herein for A. ostenfeldiiAOTV-B4A represents the range of Baltic Sea popula-
tion(s) [16, 58]. An optimum of ca. 25°C is consistent with the findings of Kremp et al. [58] who
reported general growth stimulation in response to an increased temperature, despite variability
in the responses of eight strains of A. ostenfeldii isolated from the same site as our strain.

While further investigations into the variability of strain responses to salinity are needed,
our results can be compared with those in the literature. Thus, the optimal salinities allowing
growth as determined in the present work are in agreement with those reported by Kremp
et al. [16] and Suikkanen et al. [29] for other isolates from the same region (Åland islands,
between Finland and Sweden). However, in the strain from Limfjord, Denmark (Kattegat Sea)
studied by Østergaard and Moestrup [17] as in the strain from Skagerrak studied by Suikkanen
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et al. [29], the values were higher and salinities of up to 35–40 were tolerated. This variation
suggests that both Limfjord and Skagerrak strains belong to a different, high-salinity-adapted
population, a conclusion supported by the genetic study carried out by Kremp et al. [13], who
showed that strains from the Baltic Sea and Limfjord were grouped within distinct phylogenetic
clades. The low optimum salinity (11.2) recorded for our A. ostenfeldii strain is consistent with
its adaptation to the low salinities of the shallow coastal embayments of the northern Baltic
Sea, where salinities are typically between 6 and 7 [16, 29]. Furthermore, our results along with
those of previous studies [6, 29] show that a salinity> 25 is a limiting factor for growth.
Extrapolated to the natural environment, this would limit the geographic distribution of the
population to areas influenced by freshwater inputs, such as the most northern and eastern
areas of the Baltic Sea [29]. The adaptation of A. ostenfeldii to specific environments of the Bal-
tic Sea is indicative of an early post-glacial colonization and the continued isolation of the
respective subpopulations due their limited dispersal [82].

Our results on the temperature preferences of one strain of A. ostenfeldii support the con-
cerns expressed by other authors regarding the potential increase in blooms of this species as a
possible response to climate change [58]. Summer conditions in the Baltic Sea, when the water
is warm, stratified, and nutrient-poor are optimal for dinoflagellate growth [58] and for
increased toxin production (19°C for PSP toxin and 20.9°C for GYM-A analogue). This is espe-
cially the case in shallow and sheltered embayments, where the temperature may be well above
20°C [16]. In fact, large summer blooms of A. ostenfeldii in the brackish estuaries and shallow
coastal inlets of diverse areas during warm-water periods have become increasingly common
in recent years [15, 33, 83].

Conclusions
Both cell growth and net toxin (GYM and PSP toxin) production were directly responsive to tem-
perature and salinity changes. While increasing temperatures stimulated growth as well as net
toxin production, salinities higher than 21 were growth-limiting. The present study also provides
the first quantitative determination of a GYM-A analogue in A. ostenfeldii and the first report of
changes in its production in response to variations in temperature and salinity. The changes in
PSP toxin and GYM-A analogue production suggest a mixed-growth-associated model, since net
toxin production typically occurred in exponentially growing and in stationary-phase cells. The
optimal temperature and salinity that resulted in maximum toxin concentrations were: 20.9°C
and 17 for the GYM-A analogue and> 19°C and 15 for PSP toxins, respectively. The RSA pre-
sented herein is a valuable approach for evaluating the combined effect of temperature and salin-
ity on A. ostenfeldii growth and net toxin production. While further studies estimating the
magnitude of within-species variation are needed, our data suggest that warming of the water
would stimulate both the growth of A. ostenfeldii and its toxin production.
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The family Ceratocoryaceae includes the 
genera Ceratocorys, Protoceratium and 
Schuettiella, whose phylogenetic 
relationships are poorly known. Here, 
the new non-yessotoxin-producing 
species of the genus Ceratocorys, 
Ceratocorys mariaovidii sp. nov., 
previously reported as the toxic 
Protoceratium reticulatum, is described 
from examinations by light and scanning 
electron microscopy, molecular 
phylogeny, and toxin analyses. The 
species description is made from culture 
samples of strains CCMP1740 and 
CCMP404 from USA waters. C. 
mariaovidii is globular and has thick and 
strongly reticulated plates with one pore 
within each reticule, just like P. 
reticulatum, but the key difference 
between the two species is the presence 
of five precingular plates in C. 
mariaovidii instead of six as in P. 

reticulatum. The thecal plate formula is 
Po, 4', 0a, 5'', 6c, ~7s, 5''', 0p, 2''''. The 
apical pore plate is oval with a λ-shaped 
pore. The first apical plate is narrow 
with a ventral pore on the right anterior 
side; it contacts the apical pore plate and 
its contact with the anterior sulcal plate 
is slight or absent. The fourth 
precingular plate of other Gonyaulacales 
is absent. C. mariaovidii may have small 
spines on the second antapical plate. A 
phylogenetic study based on 
ITS/5.8SrDNA supports the 
morphological classification of C. 
mariaovidii as a new species of 
Ceratocorys and in a different clade from 
P. reticulatum.

Key index words: Ceratocorys mariaovidii; 
dinoflagellate; Gonyaulacales; ITS rDNA; 
Protoceratium reticulatum; reticulated 
plates. 
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Abbreviations: AIF, all ion 
fragmentation; ITS rDNA, internal 
transcribed spacer rDNA; LC–HRMS, 
liquid chromatography coupled to high-
resolution mass spectrometry; L:D, 
light:dark; NCMA, National Center for 
Marine Algae and Microbiota; YTX, 
yessotoxin. 

Ceratocorys Stein (1883) is a genus of 
marine dinoflagellates belonging to the 
Order Gonyaulacales and to the family 
Ceratocoryaceae (Lindemann 1928), which 
also includes the genera Protoceratium 
Bergh and Schuettiella Balech (Gómez 
2012). The genus Ceratocorys currently 
comprises 12 taxonomically accepted 
species (C. anacantha Carbonell-Moore, C. 
armata (Schütt) Kofoid, C. aultii Graham, 
C. bipes (Cleve) Kofoid, C. gourretii
Paulsen, C. grahamii Carbonell-Moore, C.
horrida Stein, C. indica Wood, C. kofoidii
Paulsen, C. magna Kofoid, C. reticulata
Graham, and C. skogsbergii Graham),
among which the most representative is C.
horrida, its type species (Guiry 2017). All
its members share characteristics such as
being oceanic, inhabiting warm waters in
tropical and subtropical regions worldwide,
and building a cell wall of cellulosic plates
(Graham 1942, Balech 1988, Fensome et
al. 1993, Carbonell-Moore 1996, Steidinger
and Tangen 1997). Most species are
phototrophic. Hallegraeff and Jeffrey
(1984) mentioned that C. horrida showed
intensely pigmented red fluorescent cells in
shelf waters and non-pigmented green
fluorescent cells at offshore stations, while
C. armata only displayed green
fluorescence typical of non-photosynthetic
dinoflagellates. To our knowledge, no toxin

studies of this genus have been carried out, 
so nothing is known about their toxicity. 
They all have a striking ornamentation and 
a distinctive general morphology. In 
general, they have a well-sculpted theca, a 
flat epitheca commonly much shorter than 
the hypotheca, broad cingular lists or crests, 
and short or large hypothecal spines (four 
projecting from the edges of the antapical 
plate and two single dorsal and ventral 
spines) (Fensome et al. 1993, Zirbel et al. 
2000). Until now the only two described 
species that do not have spines are C. 
anacantha and C. grahamii (Carbonell-
Moore 1996). Conversely, the main 
differences reported among these species 
are in their cell size, ornamentation (which 
can be reticulated or smooth, with high or 
low ridges), pore size, hypothecal spine 
length, and body shape. 

The tabulation of thecal plates of 
Ceratocorys does not completely coincide 
with that of other gonyaulacoids. In the 
epitheca, it was described as having three 
apical plates, an intercalary plate (1a), and 
five precingular plates. In the hypotheca, it 
has five postcingular plates and two 
antapical plates (Graham 1942, Balech 
1988, Fensome et al. 1993). The main 
feature differentiating it from other 
gonyaulacoid genera, such as Alexandrium 
Halim, Protoceratium, and Gonyaulax 
Diesing, is the presence of five precingular 
plates instead of the six plates that the 
others have. The fourth precingular plate in 
Ceratocorys represents the fourth and fifth 
precingular plates of other Gonyaulacales, 
which means that they have fused or that 
one is missing (Fensome et al. 1993). 

Here we describe a new species of 
Ceratocorys, Ceratocorys mariaovidii, 
based on morphological, molecular 
phylogenetic, and toxin studies of the 
strains CCMP404 and CCMP1720, which 
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had been previously reported as 
Protoceratium reticulatum (Claparède and 
Lachmann) Bütschli (NCMA 2017). The 
considerable morphological similarity 
between the two species had led the 
distinctive characteristics of those strains to 
be overlooked. However, previous 
molecular analyses (Howard et al. 2009, 
Scorzetti et al. 2009, Akselman et al. 2015) 
using strains CCMP404, CCMP1720, 
CCMP1721, and other P. reticulatum 
strains had already noted a phylogenetic 
divergence between them. Moreover, the 
phylogenetic relationship had been 
mentioned by Gómez et al. (2011), who 
showed in their phylogenetic tree of 
maximum likelihood of SSU rDNA 
sequences that P. reticulatum and C. 
horrida have evolved from a common 
ancestor. 

MATERIALS AND METHODS 

Source of specimens and culture 
conditions. Strains CCMP404 and 
CCMP1720, listed as P. reticulatum, were 
obtained from the National Center for 
Marine Algae and Microbiota (NCMA, 
Maine, USA) and kept in culture at the 
Culture Collection of Harmful Microalgae 
of the Instituto Español de Oceanografía in 
Vigo (CCVIEO: http://www.vgohab.es/). 
Strain CCMP404 was isolated from a 
hypersaline lake (Salton Sea) in California 
USA (33º22’ N, 116°0’ W) and strain 
CCMP1720 from Biscayne Bay, Miami, 
Florida, USA (25º48’ N, 80º19’ W). The 
cultures were maintained in Erlenmeyer 
flasks filled with 50 mL of L1 medium 
(Guillard and Hargraves 1993) without 
silicates, prepared with Atlantic seawater 
from off the Ría de Vigo (Spain), adjusted 
to a salinity of 32 by the addition of sterile 
bi-distilled water and maintained at 19ºC ± 

1ºC and a photoperiod cycle of 12:12 h 
light:dark (L:D) with a photon irradiance of 
about 100 µmol photons · m–2 · s–1 of PAR 
measured with a QSL-100 irradiance meter 
(Biospherical Instruments Inc., San Diego, 
CA, USA). 

Light microscopy. The morphological 
study of the strains by light microscopy 
was carried out in wells of culture plates 
(35 mm diameter; Thermo Fisher 
Scientific, USA) inoculated from the 
cultures maintained in Erlenmeyer flasks. 
For a detailed study of the thecal plates, 
vegetative cells were stained with 
Calcofluor white (Fluorescent Brightener 
28, Sigma–Aldrich, St. Louis, MO, USA) 
(Fritz and Triemer 1985) and observed 
under a Leica DMLA microscope (Leica 
Microsystems GmbH, Wetzlar, Germany) 
equipped with differential interference 
contrast, UV epifluorescence with UV and 
blue excitation filters, and an AxioCam 
HRc camera (Zeiss, Göttingen, Germany). 
When required, cells were dissected by 
squashing them using gentle pressure on 
the coverslip, occasionally with the aid of 
sodium hypochlorite. The cultured cells 
were observed alive or fixed with 
formaldehyde at a final concentration of 
1%. Cell nuclei were stained with 1:100 
SYBR Green in PBS 0.01 M pH 7 for 20 
min and observed using the same 
microscope at 365 nm. Photographs were 
taken with an AxioCam HRc camera 
(Zeiss, Göttingen, Germany). When the 
depth of field was not sufficient for the 
whole object, several pictures were taken at 
a series of different foci and automatically 
merged using Adobe Photoshop (Adobe 
Systems Incorporated, San Jose, CA, 
USA). 

Sexual stages such as gamete pairs 
(cells smaller and lighter in color than 
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vegetative cells which are joined by 
epitheca) and planozygotes (longitudinally 
biflagellated cells) (Salgado et al. 2017) 
from strains cultured in L1 medium were 
observed under an inverted microscope 
(Axiovert Zeiss 135, Jena, Germany), 
video-recorded, and photographed using a 
microscope camera (Canon EOS 5D Mark 
II, Japan). Cyst-like cells were individually 
isolated (n = 5) and transferred into the 
wells of culture plates (8 mm diameter; 
Thermo Fisher Scientific, USA) containing 
250 µL of fresh L1 medium. The cyst-like 
cells were incubated at 19ºC ± 1ºC with a 
photoperiod cycle of 12:12 h L:D (photon 
irradiance of about 100 µmol photons · m–2 
· s–1) and examined daily for 15 days under
an inverted microscope (Axiovert Zeiss
135, Jena, Germany). Photographs were
obtained using a microscope camera
(Canon EOS 5D Mark II, Japan).

Scanning electron microscopy. For 
scanning electron microscopy (SEM), 3-
mL samples of cultures with exponentially 
growing vegetative cells were fixed with 
glutaraldehyde at a final concentration of 
4%. After 24 h at room temperature, the 
fixed cells were filtered through 5-µm pore 
size Isopore RTTP polycarbonate filters 
(Merck Millipore, Billerica, Massachusetts, 
USA), stained with 2% osmium tetroxide 
for 30 min, rinsed three times with distilled 
water, and dehydrated in a series of 30, 50, 
70, 90, 95 and 100% EtOH. They were then 
air-dried overnight, coated with gold using 
a K550 X sputter coater (Emitech Ltd., 
Ashford, Kent, UK), and observed with an 
FEI Quanta 200 scanning electron 
microscope (FEI Company, Hillsboro, OR, 
USA). 

Plate nomenclature. In this paper a 
relaxed Kofoid nomenclature system that 

recognizes homologies of plates of other 
gonyaulacoid genera was used (Fensome et 
al. 1993, Paez-Reyes and Head 2013). The 
plate, which, following the Kofoid system, 
should be named an anterior intercalary 
plate (1a), was considered here as the 
homologue of the third apical plate of other 
gonyaulacoids because it can contact the 
apical pore plate (Po), and hence is named 
3' (Table 1). Ceratocorys has five 
precingular plates (Table 1), but the last 
plate of the series of precingular plates was 
named 6'' instead of 5'', as it is considered 
to be homologous to that plate of other 
Gonyaulacales. The equivalence of the 
plate names used here and plate names 
strictly following the Kofoid system are 
given in Table 1 and shown between 
brackets in Figs. 1 and 2, but not in Figs. 3 
and 4, to keep the images as clear as 
possible. 

Phylogenetic analysis. The internal 
transcribed spacer (ITS) and 5.8SrDNA 
sequences of the studied strains and those 
of other related taxa included in this study 
were obtained from the GenBank database 
and aligned using MEGA 7. Uncorrected 
genetic p-distances were calculated 
between P. reticulatum, C. horrida and C. 
mariaovidii sequences across the full ITS 
and 5.8SrDNA (except two nucleotides at 
the end of ITS-2 due to the shorter 
EU927577 sequence of C. horrida). 
Sequences of CCMP404 and CCMP1720 
were only included if the full length of 
ITS/5.8SrDNA was available. Several 
sequences were retrieved in GenBank for 
both strains but, despite being identical, 
they were kept in the final alignment. A 
sequence from Karenia brevis (Davis) 
Hansen and Moestrup was used as an 
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Table 1. Plate nomenclature used in this study and that used by Sala-Pérez et al. (2016). 

This study Protoceratium reticulatum (Sala-Pérez et al. 2016) 

Po Apical pore plate Po Apical pore plate 

1' First apical 1' First apical 

2' Second apical 2' Second apical 

3' Third apical 1a First intercalary 

4' Fourth apical 3' Third apical 

1'' First precingular 1'' First precingular 

2'' Second precingular 2'' Second precingular 

3'' Third precingular 3'' Third precingular 

4'' Missing 4'' Fourth precingular 

5'' Fifth precingular 5'' Fifth precingular 

6'' Sixth precingular 6'' Sixth precingular 

1''' First postcingular 1''' First postcingular 

2''' Second postcingular 2''' Second postcingular 

3''' Third postcingular 3''' Third postcingular 

4''' Fourth postcingular 4''' Fourth postcingular 

5''' Fifth postcingular 5''' Fifth postcingular 

1'''' First antapical 1'''' First antapical 

2'''' Second antapical 2'''' Second antapical 

Sa Sulcal anterior 

Ssa Left sulcal anterior 

Sda Right sulcal anterior 

Saca Accesory sulcal anterior 

Ssp Left sulcal posterior 

Sdp Right sulcal posterior  

Sp Sulcal posterior 

outgroup. The final alignment for the ITS 
phylogeny consisted of 546 positions. The 
phylogenetic relationships were determined 
according to the maximum likelihood 
method using MEGA 7 and the bayesian 
inference method with a general time-

reversible model from MrBayes v3.2 
(Huelsenbeck and Ronquist 2001). The 
model selection tool in MEGA 7 selected 
Tamura and Nei (TN93) as the best model 
(Tamura and Nei 1993), with a gamma-
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shaped parameter (y = 2) and proportion of 
invariable sites (I = 7%). 

Bayesian phylogenetic inference and, in 
this case, the substitution models were 
obtained by sampling across the entire 
general time-reversible model space 
following the procedure described in the 
MrBayes v3.2 manual. The program 
parameters were statefreqpr = dirichlet 
(1,1,1,1), nst = mixed, rates = gamma. The 
phylogenetic analyses involved two parallel 
analyses, each with four chains. Starting 
trees for each chain were selected randomly 
using the default values for the MrBayes 
program. The corresponding number of 
unique site patterns was 513. The number 
of generations used in these analyses was 
1,000,000. Posterior probabilities were 
calculated from every 100th tree sampled 
after log-likelihood stabilization (the “burn-
in” phase). All final split frequencies were 
<0.02. The two methods rendered very 
similar topologies and the phylogenetic tree 
was represented using the bayesian 
inference results, with bootstrap values 
from the maximum likelihood method (n = 
1000 replicates) and posterior probabilities 
from the bayesian inference method. 

Extraction and analysis of YTXs. 
Cultures of strains CCMP404 and 
CCMP1720 were harvested for yessotoxin 
(YTX) determination with exponentially 
growing vegetative cells. Before the 
extraction of toxins, an aliquot of each 
culture was collected and fixed with Lugol 
solution to determine the cell density by 
light microscopy using a Sedgewick-Rafter 
counting chamber. Culture volumes of 590 
mL (5,824 cell · mL-1) for CCMP404 and 
610 mL (6,996 cell · mL-1) for CCMP1720 
were filtered through GF/C glass 
microfiber filters (47 mm diameter; 
Whatman, Maidstone, England). The cells 

in the filter were extracted with 1.5 mL of 
methanol, sonicated for 1 min at 50 W with 
a sonication probe and centrifuged for 10 
min at 14,000 rpm and 5ºC. The 
supernatant was removed and the pellet was 
extracted again with 1.5 mL of methanol 
following the same process. The two 
supernatants were combined and the final 
volume was 3 mL. The extracts were kept 
at –20ºC until chemical analyses, at which 
time they were tempered and subsequently 
filtered through 0.45-µm PTFE syringe 
filters. 

YTX determination was performed by 
liquid chromatography coupled to high-
resolution mass spectrometry (LC–HRMS) 
on a Dionex Ultimate 3000 LC system 
(Thermo Fisher Scientific, San Jose, 
California) coupled to an Exactive mass 
spectrometer (Thermo Fisher Scientific, 
Bremen, Germany) equipped with an 
Orbitrap mass analyzer and a heated 
electrospray source (H–ESI II). Nitrogen 
(purity >99.999%) was used as the sheath 
gas, auxiliary gas, and collision gas. The 
instrument was calibrated daily in positive 
and negative ion modes. Mass acquisition 
was performed in negative ion mode 
without and with all ion fragmentation 
(AIF) with a high-energy collisional 
dissociation of 40 eV. The mass range was 
m/z 500–2000 in full-scan and m/z 500–
1500 in AIF mode. 

Chromatographic conditions were 
according to the Standardized Operating 
Procedure validated by the European Union 
Reference Laboratory for Marine Biotoxins 
(EURLMB 2011). The separation column 
was a Gemini NX C18 (100 × 2 mm, 3 µm) 
maintained at 40°C. Mobile phase A 
consisted of water containing 0.05% 
ammonia and mobile phase B of 
acetonitrile/mobile phase A (90:10 v/v). 
Linear gradient elution was pumped at a 
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flow rate of 400 µL min–1 and started at 
25% B. From 1.5 min to 7.5 min it 
increased from 25% to 95% B where it was 
held for 6.5 min. The initial conditions of 
25% B were restored in 3 min, and then 
maintained for 2 min to allow column 
equilibration. The total run time was 19 
min. For YTX identification, a YTX 
standard purchased from the Institute of 
Environmental Science and Research 
Limited (New Zealand) was used. 

RESULTS 

Ceratocorys mariaovidii P. Salgado, S. 
Fraga, F. Rodríguez, P. Riobó and I. Bravo 
sp. nov. (Figs. 1–5) 

Description. Cells have a length of 33.8 
to 50.1 µm and a width of 31.3 to 47.3 µm. 
They are globular in ventral and dorsal 
views, and almost round in apical and 
antapical views, without horns or large 
spines, although the second antapical plate 
(2'''') may have small spines. The epitheca 
is almost as long as the hypotheca. The 
cingulum is excavated with its right end 
displaced posteriorly one cingular width. 
The plate formula is Po, 4', 0a, 5'', 6c, ~7s, 
5''', 0p, 2''''. The Po is oval with a λ-shaped 
pore. The first apical plate (1') is narrow, 
with a ventral pore on the right anterior 
side. This plate contacts the Po, while the 
contact with the anterior sulcal plate (Sa) is 
slight or absent. The third apical plate (3') 
is four-sided. The second (2'') and third (3'') 
precingular plates are of similar size. The 
third, fifth (5'') and sixth (6'') precingular 
plates are five-sided. The fourth precingular 
plate (4'') of other Gonyaulacales is absent. 
The hypotheca is composed of five 
postcingular and two antapical plates. 
Thecal plates are thick and strongly 

reticulated, with one pore within each 
reticule. 

Holotype. Figure 1a from strain 
CCMP404. SEM-stub (designation 
CEDiT2017H67) deposited at the 
Senckenberg Research Institute and Natural 
History Museum, Center of Excellence for 
Dinophyte Taxonomy, Germany. The strain 
CCMP404 is barcoded in GenBank with 
nucleotide sequences of the nuclear 
ribosomal ITS1-5.8S-ITS2 (GenBank 
FJ489629 and EU532485), and LSU 
(GenBank FJ489623 and EU532476). The 
clonal culture strain is deposited at the 
National Center for Marine Algae and 
Microbiota, Maine, USA. 

Type locality. Salton Sea, California 
USA (strain CCMP404). 

Habitat. Hypersaline lake and marine. 

Etymology. The word mariaovidii is 
composed in its first part by maria of the 
name María and in its second part by 
ovidii, of the name Ovidio, and indicates 
the parents’ names of the first author of this 
work. 

Distribution: C. mariaovidii was 
isolated from Salton Sea (strain 
CCMP404), California, USA and from 
Biscayne Bay (strain CCMP1720), Miami, 
Florida, USA. It has also been reported 
(identified as P. reticulatum) from the 
eastern of Gulf of Mexico (Steidinger and 
Williams 1970), the Indian River Lagoon, 
Florida, USA (Hargraves 2017), and the 
Belize coast (Faust et al. 2005). 

Morphology. The cells are almost 
spherical in apical and antapical views (Fig. 
1c and h). They have an epitheca almost as  
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Fig. 1. SEM images of Ceratocorys mariaovidii sp. nov. cells. (a) Ventral view (arrowhead, 
ventral pore; arrows, pores in cingulum plates). (b) Dorsal-apical view. (c) Apical view. (d) 
Lateral-apical view. (e) Lateral-antapical view. (f) Ventral view (arrow: notch). (g) Dorsal-
antapical view. (h) Antapical view. (i) Lateral view. Scale bar: 10 µm. 

long as the hypotheca (Figs. 1a and 2a). 
Cells of strain CCMP404 range from 36.5 
to 47.1 µm in length (mean and SD of 42.4 
± 2.6 µm length, n = 30) and from 34 to 
45.3 µm in width (39.5 ± 2.6 µm width, n = 

30). Strain CCMP1720 ranges from 33.8 to 
50.1 µm in length (40.4 ± 3.6 µm length, n 
= 30) and from 31.3 to 47.3 µm in width 
(37.3 ± 3.5 µm width, n = 30). Cell depth in 
both strains is almost equal to cell width 
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(Fig. 1c and h). The plate formula is Po, 4', 
0a, 5'', 6c, ~7s, 5''', 0p, 2'''' (Fig. 2a–d). 
Thecal plates are strongly reticulated with 
one pore within each reticule. In the 
epitheca, the Po plate is oval with a λ-
shaped pore (Fig. 3a). Plate 1' is narrow, 
pentagonal in shape, has a ventral pore on 
the right anterior side and contacts the Po 
through a clear suture on the anterior side, 
while the contact with the Sa plate is slight 
(Fig. 3b) or absent (Fig. 3c). Plate 1' 
contacts on its left side 1'' and 2' and on its 
right side 4' and 6'' (Figs. 2c and 3b). The 
second apical plate (2') is the largest of the 
series and contacts 1', 1'', 2'', 3'', 3', and 4' 
(Figs. 1b, 2c, and 3e). Plate 3' is four-sided 
and contacts 2', 3'', 5'', and 4' (Figs. 2c and 
3e). It is separated from the Po by a short 
suture of the contact of plates 2' and 4' 
(Figs. 2c and 3b), but it can sometimes 
touch the Po with an evident separation 
between 2' and 4' (Fig. 3d). Fourth apical 
plate (4') is irregular and elongated (Figs. 
1d, 2c, and 3e). In addition to the Po, it 
contacts 1', 2', 3', 5'', and 6''. The series of 
precingular plates is composed of large 
plates except 6'', which is smaller than the 
others (Figs. 1c, 3e and f). The first 
precingular plate (1'') contacts the anterior 
left part of Sa, 2'', 2', and 1' (Figs. 1a, b, and 
2c). Plate 2'' is four-sided and contacts 3'', 
2', and 1'' (Figs. 1b, 2c, 3e, and 3f). Plate 3'' 
is five-sided, is located in right dorsal 
position, grows overlapping all its 
neighboring plates, 5'', 3', 2', and 2'' (Figs. 
1c and 3e), and is the keystone plate in the 
sense given by Fensome et al. (1993). The 
four-sided plate 4'' of other gonyaulacoids 
is absent (Figs. 1c, 2c, 3e, and 3f). Plate 5'' 
is five-sided and contacts 3', 4', 6'', and 3'' 
(Figs. 1d and 2c). Plate 6'' is the smallest of 
the series (Figs. 2c and 3f), square in shape, 
and contacts Sa, 1', 4', and 5'' (Figs. 1a and 
2c), and in some cases 1'' (Fig. 3c). The 

cingulum descends one width without 
overhanging. The cingulum and sulcus are 
narrow and excavated (Figs. 1a and 2a). 
The cingulum is composed of six plates, 
c1–c6 (Fig. 3g and h), which are non-
reticulated with two rows of pores along 
their anterior and posterior margins (Fig. 
1a). The sulcus is composed of at least 
seven plates, Sa, left sulcal anterior (Ssa), 
right sulcal anterior (Sda), accessory sulcal 
anterior (Saca), left sulcal posterior (Ssp), 
right sulcal posterior (Sdp), and sulcal 
posterior (Sp) (Fig. 2b). In the hypotheca, 
the first postcingular plate (1''') is the 
smallest of the series and contacts 2''', 1'''', 
and Ssa (Figs. 1f, 2d, and 3g). In some 
cases, plate Ssa may be visible behind this 
plate (see Figs. 1a and 2b). The second 
(2'''), third (3'''), and fourth (4''') 
postcingular plates are the largest and form 
the main body of the hypotheca (Figs. 1g, 
2d, and 3h). The five-sided 2''' contacts 3''', 
2'''', 1'''', and 1''' (Figs. 1f–i and 2d). Plate 
3''' overlaps its neighbors 4''', 2'''', and 2''' 
(Figs. 1g–i and 2d). Like 3''', plate 4''' is 
four-sided and contacts 3''', 2'''', and 5''' 
(Figs. 1e, g, and 2d). The fifth postcingular 
plate (5''') is almost square in shape (Figs. 
1e, f and 2d). The first antapical plate (1'''') 
forms a thin list along its right side and 
hides the sulcal area (Fig. 1h). Plate 2'''' is 
almost square with a notch toward the 
sulcus, contacts 1'''', 2''', 3''', 4''', and 5''' 
(Figs. 1e–i and 2d), and may have small 
spines (Figs. 3g, h, and 4a). 

The cells show numerous chloroplasts 
which radiate from the central part of the 
cell (Fig. 4b), a centrally located U-shaped 
nucleus with the tips ventrally directed 
(Fig. 4c and d) and, in some cases, one or 
two large orange bodies in the posterior 
part of the hypotheca (Fig. 4a). 
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Fig. 2. Schematic drawings of thecal plate 
patterns of Ceratocorys mariaovidii sp. nov. (a) 
Ventral view. (b) Sulcal area. (c) Apical view. 
(d) Antapical view. For the abbreviations see
Table 1.

Life cycle. Vegetative cells with the 
above-described morphology divide 
asexually by desmoschisis, in which each 
daughter cell inherits part of the parental 
thecal plates (Fig. 4e and f). The fission 
line is oblique, to the right of the 
longitudinal axis in the epitheca and to the 
left in the hypotheca. In this process, the 
right posterior daughter cell that inherits the 
flagellar apparatus of the mother retains 
both flagella (transversal and longitudinal), 
while the left anterior daughter cell forms 
them later. Before splitting, the dividing 
cells show the fission line and two centrally 
located oval nuclei (Fig. 4g and h). Once 
division finishes, each recently divided cell 
has a round nucleus (Fig. 4i). In addition to 
motile cells with a globular shape, a type of 
cell with a strong dorso-ventral 
compression was regularly present in the 

cultures, though in very low number. This 
cell type has recently been described by 
Salgado et al. (This issue) as a benthic 
stage of the life cycle. Sexual stages such 
as gamete pairs and planozygotes were also 
observed in both strains cultured in L1 
medium. Longitudinally, biflagellate cells 
(planozygotes) also divide by desmoschisis, 
in which the right posterior daughter cell 
inherits the two trailing flagella of the 
mother (Fig. 4j). Moreover, spherical cells 
with the appearance of cysts (Fig. 4k) were 
formed inside large, non-motile thecate 
cells lying on the bottom of the culture 
flasks. Although their sexual or asexual 
nature is unknown, these cyst-like cells had 
a double cell wall without processes, many 
transparent granules, and one or two large 
orange bodies. In fresh replete medium all 
these cells germinated (Fig. 4l) within the 
first five days after isolation, giving a 
normal thecate cell that divided within the 
first three days after hatching. 

Phylogenetic analyses. The bayesian 
inference analysis of the ITS/5.8SrDNA 
region showed a clear divergence between 
the two strains of C. mariaovidii used in 
this study and the sequences of P. 
reticulatum from isolates throughout the 
world (Fig. 5). Our phylogeny grouped 
Ceratocorys sequences as a separate 
monophyletic group from the P. 
reticulatum clade, whereas C. horrida and 
C. mariaovidii diverged as separate
branches, in which the C. mariaovidii clade
is slightly closer to the P. reticulatum
clade. Uncorrected p-distances across the
full ITS and 5.8SrDNA fragments were
slightly larger between C. horrida and C.
mariaovidii (0.408) than those between
them and P. reticulatum (0.379–0.387 and
0.304–0.313 for C. horrida and C.
mariaovidii, respectively). These genetic
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distances mainly arose from the nucleotide 
differences between Ceratocorys and 
Protoceratium in the ITS-1 and ITS-2 
fragments (0.49–0.57 and 0.38–0.50, 
respectively). In comparison, p-distances 
between P. reticulatum sequences ranged 
from 0.012 to 0.030 in the ITS-1/ITS-2 
fragments. In turn, the 5.8SrRNA gene was 
much conserved between P. reticulatum 
and both Ceratocorys species (0.026–
0.066). 

Toxin analyses. YTX, 45 OH-YTX, 
Homo YTX and 45 OH-Homo YTX were 
not detected by LC–HRMS in either 
CCMP404 or CCMP1720. The limit of 
detection (LOD) for YTX with the LC–
HRMS system and conditions detailed in 
this work was found to be 17 pg on column, 
which considering the number of cells used 
in the analysis, this implies a YTX LOD 
value of 0.7 fg per cell.

DISCUSSION 

The results presented herein show that 
strains CCMP404 and CCMP1720, 
previously listed as P. reticulatum (Paz et 
al. 2007, Howard et al. 2009, Akselman et 
al. 2015, NCMA 2017), actually 
correspond to a new species of the genus 
Ceratocorys, C. mariaovidii. This new 
species also includes the strain CCMP1721 
(NCMA 2017), isolated from Florida 
waters just like CCMP1720 (Scorzetti et al. 
2009, NCMA 2017), which forms a clade 
together with strains CCMP1720 and 
CCMP404 in the phylogenetic tree of 
Akselman et al. (2015). The great 
morphological resemblance between C. 
mariaovidii and P. reticulatum would 
account for the previous misidentification, 
because in ventral view, even in SEM, they 
are hardly distinguishable, if at all. Our  

Fig. 3. Light microscopy images of Ceratocorys 
mariaovidii sp. nov. cells stained with 
Calcofluor white. (a) Po plate with a λ-shaped 
pore (arrowhead). (b) Plate 1' contacting the Po 
and Sa plates through a suture and a point (white 
arrow), respectively, and separation of the Po 
and 3' plates through a suture (black arrow). (c) 
Plate 6'' contacting Sa (arrow). (d) Dissection of 
apical plates. (e) Epithecal plates. (f) Dissection 
of epithecal plates. (g) Flattened cell in ventral 
view (arrows indicate small spines in 2''''). (h) 
Flattened cell in dorsal view. Scale bar: 5 µm 
(a–d), 10 µm (e–h). vp, ventral pore. The 
equivalence of the plate names used in this study 
and plate names strictly following the Kofoid 
system showed in Figs. 1 and 2, but are not 
shown here in order to keep the images as clear 
as possible. 

results classify those strains as Ceratocorys 
based on tabulation of thecal plates and 
phylogeny, but there are some reasons to be 
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cautions about this issue (see below in the 
Phylogeny section). The results also reveal 
that C. mariaovidii is the species most 
different from other ceratocoryoids as well 
as the species most alike to the genus 
Protoceratium. In addition to having 
smaller cells, C. mariaovidii differs mainly 
in shape from other members of the genus. 
In general, they have an angular body, with 
the exception of C. gourretii, which is 
subspherical to ovoid, C. horrida being the 
most angular (Graham 1942), while C. 
mariaovidii is almost spherical. According 
to Fensome et al. (1993), Ceratocorys has a 
distinctive general pattern: the episome is 
flat and forms only about one-fifth of the 
total length of the central body, and the 
hyposome consists of the deep lower 
fourth-fifths of the central body. Graham 
(1942) mentioned, however, that the girdle 
is placed almost equatorially in C. armata 
and C. reticulata, which agrees more with 
C. mariaovidii.

Morphology. The plate tabulation of C.
mariaovidii was based herein on plate 
homologies of other gonyaulacoid genera 
(Fensome et al. 1993, Paez-Reyes and Head 
2013), giving a thecal plate formula Po, 4', 
0a, 5'', 6c, ~7s, 5''', 0p, 2''''. However, a 
different interpretation of the 3' plate can be 
made when it is not in contact with Po (1a 
according to the Kofoid system), resulting 
in a plate formula Po, 3', 1a, 5'', 6c, ~7s, 5''', 
0p, 2''''. The contact variability between the 
1a and Po plates has also been observed in 
P. reticulatum cells coming from cultures
and wild populations (see Woloszynska
1928, Hansen et al. 1996/97, Sala-Pérez et
al. 2016, Salgado et al. 2017), so it is quite
likely that plates 1a and 3' are homologous
in both P. reticulatum and C. mariaovidii.
According to Graham (1942), the epitheca
of Ceratocorys has 4' and 0a, which is in

line with our interpretation of epithecal 
plate tabulation, but this finding was 
refuted by Balech (1988) who indicated 
that the third apical is an intercalary plate 
(1a) because he observed it always 
separated from the Po. The contact between 
these two plates in C. mariaovidii agrees 
with the observation by Taylor (1976) for 
the genus Ceratocorys, which is why he 
thought this plate could also be considered 
as apical. 

The thecal surface of C. mariaovidii is 
very similar to that described for P. 
reticulatum (Balech, 1988). The strong 
reticulation in both species often prevents a 
clear assessment of the number and 
orientation of plates (Hargraves and 
Maranda 2002), which further complicates 
the identification of each species when a 
staining such as Calcofluor is not used or 
the plates are not dissected. The main 
morphological differences between C. 
mariaovidii and P. reticulatum are the 
number of precingular plates—five in the 
former and six in the later—and the amount 
of apparent contact of Sa with 1', which is 
considerable in P. reticulatum, whereas in 
C. mariaovidii it is slight or absent.
Fensome et al. (1993) mentioned that the
contact between plates 6'' and 1'', with
subsequent lack of contact between Sa and
1', is considered a key character of the
genus Ceratocorys. Additionally, these two
species differ in the shape of the apical
pore, which is λ-shaped in C. mariaovidii
and is a narrow unbranched slit in P.
reticulatum (see Fig. 3a and b in the present
paper, Fig. 7 in Hansen et al. 1996/97, and
Fig. 2n and o in Sala-Pérez et al. 2016).
Interestingly, the Po plate of P. reticulatum
shown by Hansen et al. (1996/97) and Sala-
Pérez et al. (2016) appears to be similar to
that of C. armata (see Plate 3G in
Steidinger and Tangen 1997), but
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Fig. 4. Light microscopy images of Ceratocorys mariaovidii sp. nov. cells. Cells stained with SYBR 
green (c, d, g–i) and Calcofluor white (e and f). (a) Cell showing an orange body (arrowhead) and 
antapical spines (arrow). (b) Chloroplasts radiating from the center of the cell. (c) Cell in ventral view 
showing the tips of the U-shaped nucleus. (d) Cell in antapical view showing the U-shaped nucleus. 
(e) Ventral view of a dividing cell (ladc, left anterior daughter cell; rpdc, right posterior daughter
cell). (f) Dorsal view of the same dividing cell as in (e) (ladc, left anterior daughter cell; rpdc, right
posterior daughter cell). (g) Cell showing a fission line (arrows) before division. (h) Different focal
plane of the same cell as in (g) showing two nuclei before division. (i) Recently divided cells with
round nuclei. (j) Daughter cells from a planozygote division (arrows, two longitudinal flagella). (k)
Cyst-like cell. (l) Cell hatching from a cyst-like cell. Scale bar: 10 µm. The equivalence of the plate
names used in this study and plate names strictly following the Kofoid system showed in Figs. 1 and
2, but are not shown here in order to keep the images as clear as possible.

apparently different from that of Gonyaulax 
grindleyi Reinecke (= P. reticulatum) 
shown in Plate 4D by Steidinger and 
Tangen (1997), which according to 
Steidinger (K.A. Steidinger, personal 
communication) has two portions. What 

makes the scenario even more interesting is 
that the Po of C. mariaovidii would be 
different from that of C. armata. The lack 
of morphological information on the Po 
plate of C. horrida (the type species of 
Ceratocorys) makes it difficult to obtain 
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conclusions on this subject. All these 
findings need to be elucidated by studies 
with more isolates and wild populations 
from the type localities of P. reticulatum 
(including G. grindleyi), C. mariaovidii and 
C. horrida, in order to study the plates, the
Po, the morphometrics, and the gene
sequences. Nevertheless, variability in the
shape of the Po has been shown for
Pyrodinium bahamense Plate (Mertens et
al. 2015), indicating that situations like
these may not be so rare and that the
variability in the Po must be studied
thoroughly.

Another morphological feature that 
makes a difference between C. mariaovidii 
and P. reticulatum is the presence of small 
antapical spines in C. mariaovidii, although 
this ornamentation is a variable trait that is 
not expressed in the same way in all 
individuals. Some cells had small spines, 
others had larger ones that can be clearly 
seen in light microscopy, while yet others 
did not seem to have them (compare Figs. 
3g, 4a, and c). The number and size of 
spines on plate 2'''' is a main characteristic 
feature of the genus Ceratocorys 
(Carbonell-Moore 1996, Gómez et al. 
2011) and such spines have not been 
reported in P. reticulatum. Currently, the 
only two species that do not develop spines 
are C. anacantha and C. grahamii 
(Carbonell-Moore 1996). Other members, 
C. skogsbergii, C. armata, C. reticulata,
and C. aultii have short hypothecal spines
(see Figs. 53–56, and 58 in Graham 1942).
Environmental conditions in nature and
experimental conditions in cultures (e.g.
turbulence, salinity, temperature, light
irradiation, and photoperiod cycle) may
influence the development of the processes
in dinoflagellate cysts or vegetative cells.
The length and number of processes in the
Lingulodinium polyedra (Stein) Dodge cyst

is related to the summer salinity and 
temperature at a water depth of 30 m 
(Mertens et al. 2009). Tripos ranipes 
(Cleve) Gómez, a species characterized by 
having fingers at the end of the horns, loses 
them during the night and recovers them 
the following day (Pizay et al. 2009). In 
laboratory culture of C. horrida, it was 
observed that the shape and length of the 
spines depends on turbulence. Fluid motion 
inhibits the growth of large spines, which 
may be reversible when normal conditions 
are reestablished (Zirbel et al. 2000). Those 
results suggest that the morphology and 
even the presence of the spines in C. 
mariaovidii can be a trait modulated by 
external characteristics in addition to the 
genetic ones. 

Phylogeny. Phylogenetic analyses 
support the classification of C. mariaovidii 
as a new species of Ceratocorys. However, 
a single monophyletic Ceratocorys clade 
was not robustly defined. Litaker et al. 
(2007) indicated that uncorrected p-
distances for ITS/5.8SrDNA between 81 
dinoflagellate species from the same genera 
(n = 14) ranged from 0.042 to 0.580. This 
result led them to propose that p ≥ 0.04 
could be used to delineate most free-living 
dinoflagellate species. Based on their 
results, P. reticulatum and C. mariaovidii 
clades must represent different species. The 
p-distances of ITS/5.8SrDNA between P.
reticulatum, C. mariaovidii and C. horrida
(0.304–0.387) fall into the upper range of
variability within a genus (Litaker et al.
2007), but the species boundaries reported
by these authors were very different (as low
as 0.234–0.255 for Prorocentrum
Ehrenberg and Scrippsiella Balech ex
Loeblich), reflecting the evolutive history
of each genus. Therefore, based on current
taxonomic criteria and the lack of
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Fig. 5. Phylogenetic relationships among Ceratocorys mariaovidii sp. nov., Protoceratium 
reticulatum strains and related taxa based on ITS/5.8SrDNA sequences. The phylogenetic tree was 
constructed using the Bayesian inference method. Numbers at the branches indicate the percentage of 
bootstrap support (n = 1000) and the posterior probabilities based on the bayesian inference method. 
Bootstrap values <60% and probabilities <0.6 are denoted by hyphens. 

additional sequences of Ceratocorys, 
integrating C. mariaovidii into the genus 
Ceratocorys was considered the most 
appropriate action at this time. The 
emergence of a new species was already 
suggested previously by Akselman et al. 
(2015), who mentioned that the genetic 
divergence based on D1/D2 regions of 
LSUrRNA between two P. reticulatum 
clades (Clade A and Clade B) must 
correspond to separate evolving units. 
Clade B comprised the C. mariaovidii 
strains in the present study (CCMP404 and 
CCMP1720), plus CCMP1721. Those 
authors also reported that the genetic 
distance between the clades was enough to 
consider the two groups as different 

species. Our ITS-based phylogeny 
confirmed their results. Further analyses 
(e.g. concatenated ribosomal gene 
phylogenies) including new sequences of 
other Ceratocorys species could be very 
helpful to clarify the phylogenetic 
relationships within this genus and toward 
Protoceratium. The close relationship 
between the genus Protoceratium and 
Ceratocorys has already been pointed out 
by Saldarriaga et al. (2004), who discussed 
the differences between molecular analyses 
and taxonomic position based on 
morphology (i.e. Fensome et al. 1993) of 
Protoceratium, declaring that SSU-based 
phylogenies place Protoceratium closer to 
Ceratocorys than to Lingulodinium Wall, 
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Gonyaulax, and Amylax Meunier. Our data 
also corroborate the taxonomical position 
of the Ceratocorys genus in the order 
Gonyaulacales because molecular 
phylogeny has shown that Ceratocorys and 
Protoceratium have a common ancestor 
(Gómez et al. 2011). In a revised 
classification of dinoflagellate taxonomy, 
based on the morphological traits of 
Ceratocorys and the scarce molecular 
phylogenetic data, Hoppenrath (2016) 
placed this genus as “incertae sedis” within 
Asymmetricomorpha but outside 
gonyaulacoids. However, the finding of C. 
mariaovidii close to Protoceratium but 
belonging to Ceratocorys rather indicates 
that this genus should be considered inside 
the order Gonyaulacales. 

Distribution. Thus far, the distribution 
of C. mariaovidii has to be deduced from 
the locations where strains now recognized 
as this species were isolated. Strain 
CCMP404 comes from the Salton Sea, a 
hypersaline eutrophic lake located in 
southeastern California, USA, and strains 
CCMP1720 and CCMP1721 come from 
Biscayne Bay in Florida, USA (Scorzetti et 
al. 2009, NCMA 2017). However, there are 
other cases in the literature that deserve to 
be discussed herein because in our opinion 
they should be considered as C. mariaovidii 
instead of P. reticulatum. Hargraves (2017) 
(see Figs. 5 and 6) showed SEM 
microphotographs of cells and an epitheca 
of C. mariaovidii (identified as P. 
reticulatum) from the Indian River Lagoon 
in Florida, USA. C. mariaovidii (as G. 
grindleyi) from two Belizean coral-reef 
mangrove lagoons in the Caribbean Sea can 
be deduced from Faust et al. (2005) (see 
Figs. 2–5, p. 121), who show an epitheca 
with five precingular plates and an oval Po 
plate. Also from Belize (The Lair, Twin 

Cays and South Water Cay), cells with five 
precingular plates corresponding to C. 
mariaovidii (as G. grindleyi) have been 
reported (EOL 2017). According to 
Steidinger and Williams (1970), P. 
reticulatum was observed (Fig 140c) off the 
east coast of the Gulf of Mexico during the 
Hourglass expedition. In that report the 
authors show an optically reversed 
dissected epitheca, which, according to the 
interpretation adopted herein, has the same 
five precingular and three apical plates as 
the one shown in C. mariaovidii (Fig. 3f) 
with the exception that in the former image 
plates 1' and Po do not appear. Although 
both species are found in the area, 
Steidinger (K.A Steidinger, personal 
communication) believes that much of what 
has been recorded as P. reticulatum in the 
eastern Gulf of Mexico is C. mariaovidii 
because of the shape of the Po plate. A 
strong suspicion of the presence of C. 
mariaovidii, in addition to that of P. 
reticulatum, in the warm waters of Kuwait 
has also been indicated (M. Saburova, 
personal communication). 

So far, C. mariovidii has been identified 
only in warm waters (the Gulf of Mexico, 
the Caribbean Sea, the east coast of Florida, 
and the Salton Sea), while P. reticulatum 
has a wider latitudinal distribution, being 
considered mainly a boreal species 
(Okolodkov 2005), although it has also 
been reported from warm waters (strain 
FIU20/CCMP2776 in Scorzetti et al. 2009). 

Life cycle. The pattern of asexual 
division of C. mariaovidii (desmoschisis) 
matches that of P. reticulatum (Hansen et 
al. 1996/97, Salgado et al. 2017) and other 
species of Ceratocorys (Graham 1942, 
Fensome et al. 1993). As described for 
vegetative cells, external morphological 
similarities of both asexual stages (dividing 
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and recently divided cells) and sexual 
stages (gamete pairs, planozygotes and 
dividing planozygotes) between these 
species were observed. In addition, 
formation of benthic flattened cells from 
vegetative ones is also shared by both 
species. The formation process and 
morphological features are described in 
detail by Salgado et al. (This issue). On the 
other hand, no cysts resembling the typical 
spiny resting cysts of P. reticulatum 
appeared in the cultures of C. mariaovidii. 
The cyst-like cells formed in the cultures 
showed a thick wall but did not show 
processes. They were formed in very low 
numbers and, although they germinated in 
few days, more studies are needed to 
determine their significance and role in the 
life strategy of the species. Taking into 
account that for P. reticulatum only four 
out of 66 crosses formed resting cysts 
(Salgado et al. 2017), the only two strains 
of C. mariaovidii available were too few 
for studying resting cyst production. 

Toxins. The LC–HRMS analyses 
showed that C. mariaovidii is not a 
producer of YTXs. Our results agree with 
those of Paz et al. (2007), who reported the 
lack of this toxin type in strains CCMP404, 
CCMP1720, and CCMP1721 from the 
USA when analyzed by LC–FLD. In 
addition, Reifel et al. (2002) showed that 
P. reticulatum from the Salton Sea, where
the C. mariaovidii strain CCMP404 was
isolated, showed no toxicity in mouse and
brine shrimp assays and a proton nuclear
magnetic resonance spectra did not show
the presence of structures similar to those
of algal toxins, suggesting that the species
probably corresponds to C. mariaovidii.
The confirmation of non-production of
YTX in C. mariaovidii reveals another
important difference from P. reticulatum,

which is known as a YTX producer 
worldwide (e.g. Ciminiello et al. 2003, Paz 
et al. 2004, Eiki et al. 2005, Álvarez et al. 
2011, Akselman et al. 2015, Sala-Pérez et 
al., 2016). As far as we know, only two 
reports (Satake et al. 1999, Rhodes et al. 
2006) have indicated the lack of toxins in 
P. reticulatum strains. First, Rhodes et al.
(2006) analyzed two New Zealand strains,
of which one (CAWD40) produced YTXs
and the other (CAWD127) did not. Both
strains fell in the same clade (Clade A) of
the phylogenetic tree of Akselman et al.
(2015). Second, Satake et al. (1999)
reported one YTX-producing isolate from
Yamada Bay and another non-toxic strain
from Harima Nada, but no genetic
information is available on these Japanese
strains. Unlike Yamada Bay, Harima Nada
is in an area of warm waters, so the isolate
coming from this locality might correspond
to C. mariaovidii.

In conclusion, it is thus not clear 
whether the presence of YTX is a stable 
and species-specific trait of P. reticulatum. 
Likewise, more studies on the lack of YTX 
in C. mariaovidii are needed using more 
strains from other geographical origins. 
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Introduction  
The frequency of harmful algal blooms (HABs) produced by marine 
dinoflagellates has increased worldwide over the last several decades, with serious 
negative impacts on public health and on the economies of the affected areas. 
Protoceratium reticulatum is considered an important species among HAB species 
due to the lipophilic toxin production of the yessotoxins (YTXs) type and its 
cosmopolitan distribution in the coastal environments. Although YTXs have not 
been directly linked to human intoxications, the presence of YTXs in shellfish 
samples produces false-positives in mouse bioassay tests creating serious problems 
in toxin detection methods. The knowledge of life strategy and the basic features of 
the HAB-involved species in order to understand their behavior is, so far, the only 
way to combat the impact of toxic microalgae.  
 
Methodology  
Protoceratium reticulatum strains were isolated from Queulat (strains PRAY1-
B11, PRAY2, PRAY3, and PRAY4) and Otway (strain PRENM) Sounds, in Aysén 
(~44º S) and Magallanes (~53º S) regions, respectively, during the regular 
monitoring of red tides from southern Chile in 2010 and 2013. Cultures were 
maintained in L1-Si medium adjusted to a salinity of 32, at a temperature of 15ºC, 
and with a photoperiod of 12:12 h light:dark (photon flux approximately 100 µmol 
m–2 s–1). For the genetic study total DNA was extracted using the Chelex resin 
method. The D1-D2 region of the large subunit (LSU) rRNA gene was performed 
using the primer pair D1R/D2C as described by Lenaers et al. (1989). 
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Morphological studies and observations of cell nuclei were performed by 
Calcofluor white and Sybr Green staining, respectively. Sexual stages (gametes, 
planozygotes, and resting cysts) were promoted by crossing compatible strains in 
phosphate-depleted medium (L1-P). For the of toxin study cultures were filtered 
and filters stored at -20ºC. Subsequently the filters were extracted twice with 100% 
methanol for YTXs toxin analysis. YTX and their analogues were identified by 
LC–HRMS according to Gerssen et al. 2009. 
 
 
Table 1. Analysis of lipophilic toxins in P. reticulatum strains from southern Chile. nd: Not 
detected; ?: Suspect. 
 

Compound ID m/z PRAY1-B11  
Rt (min) 

PRAY3 
Rt (min) 

PRENM 
Rt (min) 

YTX 1141, 570 5.6 5.6 5.6 
HomoYTX 1155, 577 nd nd nd 
NoroxoYTX-enone 1047 4.52? nd 4.52? 
NoroxoHomoYTX-enone 1061 5.60? 5.60? 5.60? 
44,45-diOH-41a-homoYTX 1189, 594 nd nd nd 
44,45-diOH-9Me-41a-homoYTX 1203, 601 nd nd nd 
45-OH-YTX analogue  1157, 578 5.27 5.27 5.27 
45-OH-HomoYTX 1171, 585 nd nd nd 
Glico-YTX 1273, 636 nd nd nd 
Glico-HomoYTX 1287, 643 nd nd nd 

 
 
Results 
The phylogenetic analysis showed that the sequences from the strains PRENM, 
PRAY1-B11, and PRAY3 were identical to most of the other sequences of P. 
reticulatum retrieved from Genbank database. The Maximum Likelihood tree 
revealed that strains were part of a monophyletic clade denominated “Clade A” by 
Akselman et al. 2015. The toxin analysis showed that P. reticulatum cells clearly 
produced YTX and 45-OH-YTX analogue, but also suspected of NoroxoYTX-
enone and NoroxoHomoYTX-enone (Table 1). Mass spectrometric analysis 
showed that the toxin profiles of all strains were very similar and that the major  
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Fig. 1. Images of Protoceratium reticulatum cells staining with Calcofluor white. 
Morphology (A), plate tabulation (B–D), and division pattern (E–H). Scale bars: 10 µm. 
 
compound was YTX. Total YTX per cell was variable among strains ranging from 
8.7 pg YTX cell-1 in PRAY1-B11 to 22.8 pg YTX cell-1 in PRENM. Morphological 
characteristics of the most common motile stages observed during P. reticulatum 
life cycle study showed the same morphology already described in the literature 
(e.g., Hansen et al. 1996) with plate formula: Po, 4', 0a, 6'', ~7C, 5''', 0p, 2'''' (Fig. 
1A–D). The cell fission suture appeared consistent with a typical gonyaulacoid 
desmoschisis (Figs. 1E–H). Vegetative cells (30.6–40.8 µm long, 21.4–35.5 µm 
wide) were solitary, showed numerous golden-brown colour chloroplasts, and a 
nucleus lobulated in U-shaped located in the posterior dorsal part of the cell (Figs. 
2A–C). The mating type experiment indicated that P. reticulatum follows a 
complex heterothallic mating type behavior because clonal strains were not 
successful for resting cyst formation. Gametes (23.7–30.5 µm long, 19.5–26.4 µm 
wide) were smaller than vegetative cells; they had a pale colour, and were seen in 
couple after the day 3 of the crossing (Fig. 2D and E). Conjugation of gametes 
resulted in a planozygote with two trailing longitudinal flagella (Fig. 2F). 
Planozygotes (39.9–51.9 µm long, 33.3–42.6 µm wide) were larger than vegetative  
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Fig. 2. Images of motile stages of the Protoceratium reticulatum life cycle. Nuclei of 
vegetative cell (A) in division process (B and C), gamete pairs (D and E), and planozygotes 
(F–H)  stained with Sybr Green. Scale bars: 10 µm. 

 
cells, dark colour, with a lot of granules, and a large U-shaped nucleus (Figs. 2F–
H). They were found four days after the initial date of the crossing experiment. The 
first appearance of resting cysts (39.9–51.9 µm diameter) occurred on day 7 after 
sexual induction. First, cysts formed a transparent outer membrane shaped balloon, 
and then processes appeared on the cell wall (Fig. 3A). A double cell wall (1.3–3.9 
µm thickness) became thicker with time (Figs. 3B and C). Resting cysts were 
mainly spherical, although sometimes maintained planozygote shape, showed 
many reserve granules, one orange accumulation body, and many hollow processes 
of variable length (7.3–16.0 µm long) with capitate distal ends (Fig. 3C). Its 
nucleus was ring-shaped (Fig. 3D). Additionally, a particular cell type with a 
different morphology from the rest of those cells of the P. reticulatum life cycle 
was also identified. This type of cell (35.2–57.7 µm long, 29.6–47.7 µm wide) 
showed a strong dorsoventral compression (Fig. 4A), it was seen with and without 
reticulation in their cellulosic plates (Figs. 4B,C), and with one or two trailing 
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longitudinal flagella, which is indicative of vegetative and zygote cells, 
respectively.  
 

 
 
Fig. 3. Images of the resting cyst of Protoceratium reticulatum. Cyst in formation process 
with an transparent outer membrane (black arrow) (A). Cyst newly formed (B). Mature 
cysts with a double cell wall (C). Cyst stained with Sybr Green showing an O-shaped 
nucleus (D). Scale bars: 10 µm 

 
Its nucleus was flattened (Fig. 4D). These flat cells were rarely swimmers, 
especially were immobile at the bottom of cultures. This cell type was recorded in 
all strains studied, and was mainly observed in the stationary phase of cultures. 
 

 
 
Figure 4. Morphology of Protoceratium reticulatum flattened cells. Cell in lateral view (A). 
Cell in vetral view showing the detachment (black arrow) of the reticulated plates (B). Cell 
without retiuclated plates (C). Cell with its nucleus stained with Sybr Green. Scale bars: 10 
µm 

 
Main conclusions  
–This study shows for the first time different sexual stages of the Protoceratium 
reticulatum life cycle. 
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–An unknown flat morphotype was identified during the life cycle, which needs to 
be studied in detail.  
–The presence of YTX and 45-OH-YTX analogue is confirmed for P. reticulatum 
strains from southern Chile. 
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