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Editorial on the Research Topic

Harmful Algal Blooms (HABs) in Latin America

“Harmful Algal Blooms” (HABs) describe the copious presence of certain pigmented planktonic
organisms that interfere with the equilibrium or balanced state of aquatic ecosystems and reservoirs
in terms of ecological functions (e.g., food web disturbance, subsurface oxygen depletion) and
ecosystem services benefits to humans (e.g., fishery, water quality, and tourism). The effects of
harmful algal species on aquatic systems are manifold and may include the discoloration of water,
the presence of toxic substances and the accumulation of high biomass leading to low oxygen
or anoxic conditions due to increased bacterial respiration. Aquatic reservoirs and ecosystems
are intrinsically connected to human health and well-being as they provide resources, such as
drinking water and food (e.g., through fisheries and aquaculture). The biogeographical occurrence
and records of HAB events have increased in frequency, distribution and severity over the past
decades, which have been linked to evolved monitoring techniques, increased research efforts and
global climate change (Hallegraeff, 2010). The ongoing and projected anthropogenic changes of
the coastal and freshwater marine environments are altering planktonic community structures,
species distribution, and migration patterns (Gobler et al., 2017). Shifts in the biogeography and
bloom dynamics of HABs pose a potential risk to the health and economy of coastal communities
due to the possible occurrence of HABs in regions without proper recognition, monitoring, or
mitigation capabilities. Secondary metabolites produced by HABs include toxins that can be
bioaccumulated through the food web and ultimately affect human health due to a variety of
syndromes, such as Amnesic, Diarrhetic, Neurotoxic, Azaspiracid, and Paralytic Shellfish Poisoning
(ASP, DSP, NSP, AZP, PSP, respectively), as well as Ciguatera Fish Poisoning. More algal toxins
have been described in recent years and have attracted particular attention due to their potency
and emergent problematic issues (Assunção et al., 2017). This includes yessotoxins, palytoxins, and
amphidinols as well as harmful compounds produced by ichthyotoxic algae that still remain to be
fully characterized and understood.

The monitoring and mitigation of HABs are not trivial, and as a common routine activity,
abundances of harmful algal species are observed to determine any potential bloom development in
association with environmental parameters. Over the past decades, HAB research has substantially
advanced and improvements in prediction and mitigation have been achieved (Anderson et al.,
2012). Monitoring programs have been mostly implemented in regions of known HAB occurrence
and those of economic importance (e.g., aquaculture and tourism). In the light of changes in HAB
biogeography due to climate change and anthropogenic activities, it is likely that the occurrence of
HABs will expand to unprepared regions. HAB phenomena with severe impacts, such as persistent
events in Chile and Australia and sporadic events in the USA and the Persian Gulf, have impacted
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coastal communities unexpectedly. This demonstrates the
existence of gaps and difficulties in monitoring programs and,
consequently, in the understanding and prediction of HAB
dynamics to appropriately mitigate the impacts on human society
as it has been achieved in regard to other natural phenomena,
such as hurricanes and tsunamis. Nowadays, monitoring and
mitigation of HABs should go hand in hand with the detection
and discovery of toxic HABmetabolites, culturing of HAB species
and communicating and integrating HAB science with society
and policy makers to develop regional and local strategies.

This Research Topic was proposed to bring together
HAB researchers from Latin America and to showcase
current developments as well as challenges that regional
scientific communities are facing. Contributions from 58
research/academic institutions distributed over 13 Latin
American and 8 non-Latin American countries were received,
which demonstrates a high interest and current research efforts
performed by Latin American and international research
communities. The articles published in this Research Topic can
be grouped into reviews, observational/field studies, laboratory
studies, and articles linking scientific research with the broader
society and policy makers.

REVIEWS

Most reviews were focused on toxic dinoflagellates and
demonstrated the major expertise and focus of Latin American
researchers. Durán-Riveroll et al. reviewed the current knowledge
on the distribution and the diversity of toxigenic benthic marine
dinoflagellates in the tropical and subtropical Atlantic and
Pacific. Morquecho focused on the importance of understanding
the bloom dynamics of the dinoflagellate Pyrodinium bahamense
and the associated impacts of Paralytic Shellfish Poisoning in
the Mexican Pacific and the Gulf of Mexico. Menezes et al.
summarized the occurrence of seven species of the dinoflagellate
Alexandrium in Brazilian waters, whereby A. tamutum was
documented for the first time and strains ofA. catenella displayed
genetic similarities with strains from Southern Chile and North
America. López-Cortés et al. reviewed records and research on
Margalefidinium polykrikoides in Latin America with regard to
ecology, physiology, and toxic effects due to the production
of reactive oxygen species, hemolytic and neurotoxic-like
substances. Band-Schmidt et al. contributed with an overview
on the ecology and physiology of paralytic shellfish toxin
(PST) producing dinoflagellates, responsible for intoxications
in various coastal areas of Latin America, and highlighted the
distribution patterns of Gymnodinium catenatum, Pyrodinium
bahamense, and several species of Alexandrium.

FIELD AND OBSERVATIONAL STUDIES

Plankton surveys are crucial to develop a fundamental
understanding to evaluate current and future ecosystem
changes and to monitor the distribution of toxigenic harmful
algal species. Field and observational studies were conducted in
tropical, subtropical, and temperate climate regions in coastal
and continental shelf areas of Argentina, Brazil, Chile, Ecuador,

El Salvador, and Mexico. Guinder et al. conducted a plankton
multiproxy analysis and characterized the late winter plankton
structure in terms of abundance, biomass, species composition,
functional groups, and phycotoxin profiles in surface waters
of the Northern Patagonian Shelf (Argentina). Phylogenetic
analyses of newly isolated strains of Alexandrium ostenfeldii
revealed a new ribotype group, suggesting a biogeographical
distinction of this population. Bif et al. identified Trichodesmium
species and their toxins during two oceanographic cruises in
the Southwest Atlantic Ocean (Brazil) and gave hints that the
cellular toxin production might be enhanced during aggregation
at the ocean surface, inhibiting the growth of co-occurring
microplanktonic organisms. Viana et al. recorded bloom events
of the toxic raphidophyte Chattonella subsalsa in Guanabara Bay
(Brazil) responsible for fish kills and highlighted the need to
reduce the eutrophication levels in Guanabara Bay.

Paredes et al. illustrated the high genetic diversity of
Alexandrium catenella responsible for high PST levels observed
along the Southern Chilean fjords between 2014 and 2016.
Borbor-Cordova, Torres et al. assessed the link between
oceanographic variables andHABs occurrence on the Ecuadorian
coast from a 20-year time series where a total of 67 HAB
events were registered. Carnicer et al. provided and discussed
baseline information on the spatial distribution of different
dinoflagellate taxa in the Galápagos Marine Reserve (Ecuador).
An oceanographic monitoring series of 4 years was evaluated
by Torres et al. to study the association of El Niño/Southern
Oscillation with upwelling events and dinoflagellates abundances
on the Ecuadorian coast. Amaya et al. investigated the role of
PST produced by the dinoflagellates Gymnodinium catenatum,
Alexandrium sp., and Pyrodinium bahamense during large-scale
sea turtle mortality events in El Salvador.

Paredes-Banda et al. associated the occurrence and
accumulation of spirolids in farmed shellfish of Todos Santos Bay
(Mexico) with the presence of the dinoflagellate Alexandrium
ostenfeldii. Medina-Elizalde et al. investigated the transformation
and depuration of paralytic shellfish toxins in the geoduck
clam from the Northern Gulf of California and characterized
the toxin profile in this shellfish species during a bloom of the
dinoflagellate Gymnodinium catenatum. García-Mendoza et al.
reported that mass mortalities of farmed tuna were associated
with the presence of Chattonella spp. in the northwest coast of
Baja California (Mexico). Irola-Sansores et al. investigated the
distribution of epiphytic dinoflagellates in two coral reef systems
of the Mexican Caribbean. The dominance of palytoxin producer
Ostreopsis sp. demonstrated the potential risk that this species
could create in touristic regions. Finally, the distribution and
abundance of the dinoflagellate Alexandrium tamiyavanichii was
reported for the first time in coastal and oceanic conditions of
the central Mexican Pacific by Hernández-Becerril et al.

LABORATORY STUDIES

Laboratory studies are an essential step to understand the
physiology and growth dynamics of harmful algal species under
controlled conditions. These depend on the successful isolation
and culturing of the target algal species, which require skills and
good practices in HAB research. Mardones et al. shed light on
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the underlying reasons of the outbreak of the dictyochophyte
Pseudochattonella verruculosa in 2016 responsible for economic
losses of US$ 800M due to farmed salmon mortalities. Results
from laboratory experiments revealed the important effect of
salinity on growth and ichthyotoxicity of Pseudochattonella
species and highlighted the necessity to study the role of
mucocysts in fish gill damage. Mendoza-Flores et al. reported
that the acquisition and origin of saxitoxin genes in the
dinoflagellate Gymnodinium catenatum was related to horizontal
gene transfer from bacteria and that horizontal gene transfer
from Alexandrium species toward G. catenatum did not occur.
Silveira and Odebrecht evaluated the effects of temperature and
salinity on the physiological performance and toxin production
of the cyanobacteria Nodularia spumigena and revealed that
cell growth, akinete formation, and the germination potential
was negatively affected by low salinity. Müller et al. presented
laboratory results on the physiology and the toxin production
of the dinoflagellate Karlodinium veneficum in regard to changes
in seawater pH and ocean acidification scenarios, indicating
favorable growth conditions at elevated pH levels.

LINKING HAB RESEARCH WITH SOCIETY

The linkage between the scientific community and the society
as well as policy makers is an essential aspect to develop a
fast and effective information flow to secure human health
and economic sustainability. Aguilera and Giannuzzi presented
a book review regarding the result of the collaborative
work between Argentinian researchers and the Ministry of
Health raising awareness on the increased occurrence of
toxigenic cyanobacteria in aquatic systems and the documented
acute illnesses associated with exposure to cyanobacteria and
cyanotoxins. Borbor-Córdova, Pozo-Cajas et al. assessed the
knowledge, attitudes, and practices in relation to HABs in
Ecuador and demonstrated that coastal communities and health
authorities had limited knowledge of red tide impacts on human
health. However, outreach activities, such as tailored workshops
and communication between authorities and communities, could
positively influence the risk perception and enhance algal
bloom monitoring in the near future. Cuellar-Martinez et al.
highlighted the 10-year existence of a regional HAB network
of Latin American and Caribbean countries (supported by the
International Atomic Energy Agency), which aims to provide
training and capabilities for early HAB warning and mitigation.

FUTURE PERSPECTIVES OF HAB

RESEARCH IN LATIN AMERICA

The impacts of HABs on human health are still an abstract
concept for many communities in Latin American countries

and additional efforts need to be implemented by the scientific
community and stakeholders to reinforce the social and
economic importance of HAB research. The existence of several
national HAB networks and monitoring systems represent
a basis for the development of additional regional HAB
networks and a joint Latin American HAB program that could
operate on an international basis with the existing GlobalHAB
program (Berdalet et al., 2017). In Latin America there are
two regional groups of the Intergovernmental Oceanographic
Commission (IOC): Algas Nocivas en el Caribe (ANCA)
and Floraciones Algales Nocivas en Sudamérica (FANSA),
representing Central American/Caribbean and South American
countries, respectively. Additionally, an independent Society for
the Study of Harmful Algal Blooms (Sociedad Mexicana para el
Estudio de Florecimientos Algales Nocivos, SOMEFAN) is present
in Mexico. These groups have different backgrounds, biography
and perspectives, but share a common challenge: consolidating
and establishing strong HABs collaborative research activities.
To date, there is no official body in Latin America identified as
a leading agency for HAB research such as the IOC-UNESCO
sub-commission for the Western Pacific (WESTPAC) where a
Project Steering Group has been established. A leading agency
or network might effectively promote and impulse research
activities, integrating common efforts among countries. The
main challenges to achieve these general interests are related to
the limited available resources (infrastructure and equipments),
the political situation within and amongst Latin American
countries, the lack of trained human resources and strong policies
oriented to trigger and maintain basic and applied research.
The motivation and long-term research programs require a
continuous and permanent IOC support and a clear integration
with local governments. Meanwhile, the development of low cost
monitoring programs (e.g., MicroToxMap http://microtoxmap.
com/) and the increasingly availability of digital open access
resources to store, share and transpose information are important
developments to be adopted and potentially can advance HAB
research in Latin America. We hope that this Research Topic
demonstrates the advantages of regional cooperation amongst
the scientific communities of Latin America to achieve common
future goals.
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A Book Review on

Cianobacterias Como Determinantes Ambientales de la Salud

Giannuzzi L., Petcheneshsky T.,Hansen M. (Argentina: Ministerio de Salud de laNación. Dirección
Nacional de Determinantes de la Salud e Investigación), 2017, 258 Pages, ISBN: 978-950-38-0255-7.

Toxic cyanobacterial blooms represent a water quality issue worldwide which incidence and
severity are predicted to increase due to climate change and eutrophication (O’Neil et al., 2012).
Argentina is not an exception to this trend. Cyanobacterial proliferations have increased in the last
two decades as a consequence of water quality changes due to human activities (Otaño et al., 2012;
Aguilera et al., 2018). Unfortunately, Argentina lacks specific regulations concerning cyanobacteria
and cyanotoxins in freshwater bodies, and information on cyanotoxins occurrence is still scant
(Aguilera et al., 2018).

This book is the result of the collaborative work between Argentinean researchers and the
Ministry of Health who constituted the “Working Group on Health Effects of Cyanobacteria
in Water” intended to raise the awareness concerning the increased occurrence of toxigenic
cyanobacteria and the threats they pose (Provision 2/2011, Secretariat for Health Relations and
Research). The synergy and collaborative interactions within this group have been key steps
to promote the establishment of national guidelines for cyanobacterial blooms in drinking and
recreational waters.

This second edition is an expanded version that contains updates on topics already described
in the first edition launched in 2011. The book contains 14 chapters written by 19 Argentinean
researchers and specialists with extensive experience in Cyanobacteria, who complemented the
text with own results and experiences. It begins with updated information on cyanobacterial
taxonomy and ecology, including the description and photographs of harmful cyanobacteria found
in Argentina. The book reviews molecular tools currently available for monitoring toxigenic
cyanobacteria. This includes a brief introduction of the Polymerase chain reaction (PCR)
technique and its use for cyanobacterial identification and the detection of toxigenic cyanobacterial
populations or environmental samples. The application of quantitative PCR (qPCR) and DNA
chips (diagnostic microarrays) are also described.
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Another important aspect of the book is management of
harmful cyanobacteria and risk assessment. In this sense, it offers
an overview of the factors that trigger bloom formation and
the physical, chemical and biologic methods to control them. It
also describes restoration measures for eutrophic water bodies
and technologies used for nutrient reduction or removal. Within
risk management, it presents the sequence of actions that can be
used to provide a graduated response to the onset and progress
of a cyanobacterial bloom. Alert Levels Framework is presented
as a decision tree, therefore assisting decision making in water
treatment plant operators and managers.

The book provides detailed coverage of documented
acute illnesses associated with exposure to cyanobacteria and
cyanotoxins in animals and humans. Additionally, it includes
a chapter on the use of cyanobacteria in dietary supplements
reviewing available studies about the presence of cyanotoxins
in different commercially available products containing
cyanobacteria.

Lastly, the last part reviews all the actions carried out
by the Ministry of Health regarding the epidemiology of
cyanobacteria and their toxins in Argentina. Epidemiological
data are still limited in Argentina. There are few clinical data
describing adverse health effects from exposure to cyanobacteria
and cyanotoxins, making the clinical differential diagnosis
difficult. In this sense, the Ministry initiated a framework for
multidisciplinary interaction and cooperation among specialists
in human, animal and environmental health. In cities strongly
affected by cyanobacterial blooms, efforts were underway to train
primary care personnel, veterinarians and those who work on

or near cyanobacteria-impacted water bodies (e.g., lifeguards,
environmental professionals) to identify cyanobacterial blooms,
and collect and report animal and human signs and symptoms
from exposure to cyanobacteria. The Ministry also introduced
the concept of dogs as sentinels, as it is used in other countries as

the first indication of an ongoing cyanobacterial bloom (Hilborn
and Beasley, 2015). The tool kit of materials (posters to raise
awareness among the public, health records for the health
personnel) as well as public health promotion activities and
partnerships carried out by The Ministry of Health are presented
in the last chapter of the book.

In sum, this handbook is an important resource for
researchers, water manager professionals, and also specialists
working in human or animal health in Latin America. It can
be of interest to the wider resource management community
assessing the health of freshwater ecosystems in the region. It
also constitutes a reference book at a level and depth for advance
graduate and research students who want to approach their
research on toxic cyanobacteria.

Cyanobacterial blooms are an environmental public health
issue that needs continuing attention at local and national level.
Moreover, attention at international level must also be considered
when countries have a share in river basins, as in the case of
Latin America. We prospect this book will promote parallel
initiatives in Latin American countries, and also encourage
further interchange among researchers, water managers, and
health authorities within our continent to take actions and
work collaboratively. Finally, this book review constitutes a nice
opportunity to present and spread the work done in Argentina
regarding this environmental and health issue. Hopefully, it will
promote scientific interchange with the non-Latin American
community as well.

Link to download the handbook in PDF (in Spanish): http://
www.msal.gob.ar/images/stories/bes/graficos/0000000334cnt-
Ciano_2017.pdf
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Saxitoxin (STX) and its analogs are a broad group of natural neurotoxic alkaloids,

commonly known as paralytic shellfish toxins. SxtA is the initial gene in the biosynthesis

of saxitoxin. It has been proposed that the genes for STX biosynthesis had a bacterial

origin and were acquired in the dinoflagellates by a horizontal gene transfer (HGT). In

Gymnodinium catenatum, the origin of the STX genes is not well established. In this

paper, we sequenced sxtA gene (domains sxtA1 and sxtA4) and determined the gene

copy number in the genome in four Mexican strains of G. catenatum. We compare

them with sequences of G. catenatum, Pyrodinium bahamense, and Alexandrium spp.

from other geographic regions, and non-toxic producing dinoflagellates. Amplifications

were performed for domains sxtA1 and sxtA4 from strains of G. catenatum and the

phylogenetic analyses was done by maximum likelihood and Bayesian inference. The

copy number determination was carried out using qPCR. The phylogenetic tree of

domain sxtA4 showed the formation of two clades where G. catenatum sequences

separated from the Alexandrium/Pyrodinium clade. The domain sxtA1 formed a higher

number of clades than sxtA4. Sequences of G. catenatum were grouped together with

sequences of Alexandrium. Dinoflagellates sequences that do not produce saxitoxin

formed a separate clade. The gene copy number was 64 ± 30 and 110 ± 50 copies

of sxtA1 and sxtA4 respectively. The identification of the gene sxtA of G. catenatum

shows that the sequences are similar to those of Alexandrium species with low variations

between species. These results may indicate that the acquisition of the gene sxtA was

an early HGT event in the evolution of dinoflagellates. The possible loss of the ability to

produce STX in some species suggests that the HGT from Alexandrium species toward

G. catenatum is not possible.

Keywords: dinoflagellate, Gymnodinium catenatum, horizontal gene transfer, paralytic shellfish toxins, gene copy

number
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INTRODUCTION

Saxitoxin (STX) and its analogs are a broad group of natural
neurotoxic alkaloids, commonly known as paralytic shellfish
toxins (PSTs). PSTs are the causative agents of paralytic
shellfish poisoning (PSP) and are mostly associated with
marine dinoflagellates (eukaryotes) and freshwater cyanobacteria
(prokaryotes), which form extensive blooms around the world
(Wiese et al., 2010). The biosynthetic pathway and genes
responsible for STX synthesis have been characterized in
the cyanobacteria Cylindrospermopsis raciborskii (Woloszynska)
Seenayya & Subba Raju T3. This biosynthesis pathway is
encoded by a fragment larger than 35 kb, comparative sequences
analysis assigns 30 catalytic functions that correspond to 26
proteins (Kellmann and Neilan, 2007; Kellmann et al., 2008).
Subsequently, the STX gene cluster was characterized in the
cyanobacteria Anabaena circinalis Rabenhorst ex Bornet &
Flahault, Aphanizomenon sp. Morren ex Bornet & Flahault,
Rhaphidiopsis brookii Hill and Lyngbya wollei Farlow ex Gomont
(Mihali et al., 2009, 2011; Moustafa et al., 2009; Murray et al.,
2011).

The origin of the STX genes in cyanobacteria involved
multiple events of horizontal gene transfer (HGT) from different
sources, followed presumably by the coordination of the
expression of foreign and native genes in the common ancestor.
The possible ancestral source for some STX genes was a
proteobacteria; suggesting that the key PSP-toxin biosynthesis
gene may have evolved in a prokaryotic organism (Kellmann
et al., 2008; Moustafa et al., 2009).

SxtA is the unique starting gene of STX-synthesis in
cyanobacteria. This gene has a polyketide synthase (PKS)-
like structure characterized by four catalytic domains with
activities of a S-adenosyl-methionine- (SAM) dependent
methyltransferase (sxtA1), GCN5-related N-acetyltransferase
(sxtA2), acyl carrier protein (sxtA3), and a class II
aminotransferase (sxtA4) (Kellmann et al., 2008).

Some dinoflagellate species of the genus Alexandrium Halim,
as well as Pyrodinium bahamense Plate and Gymnodinium
catenatum Graham, are known for producing PST (Scholin
et al., 1995; Blackburn et al., 2001). Homologs of the genes
putatively associated for the STX-synthesis have been identified
in A. tamarense (Lebour) Balech Group IV, A. fundyense
Balech, and A. minutum Halim (Stüken et al., 2011; Hackett
et al., 2013). The transcripts of A. tamarense and A. minutum
show that the dinoflagellate transcripts of sxtA have the
same domain structure as the cyanobacterial sxtA genes. In
contrast to the bacterial homologs, the dinoflagellate transcripts
are monocistronic, have a higher guanine–cytosine (GC)
content, occur in multiple copies, contain typical dinoflagellate
spliced-leader sequences, and eukaryotic polyA-tails
(Stüken et al., 2011).

The genes responsible for the STX-synthesis were not
exchanged directly between cyanobacteria and dinoflagellates.
The strong monophyly of sxtA-related proteins from STX+

dinoflagellates, and separately from cyanobacteria, supports the
hypothesis that precursors of these sxtA genes were acquired
independently by each linage (Hackett et al., 2013). Based

on the sxtA data, the origin of the STX gene cluster within
the dinoflagellates may have occurred between an ancestral
STX+ bacterium and the common ancestor of Alexandrium and
Pyrodinium (Orr et al., 2013).

Gymnodinium catenatum, a chain-forming dinoflagellate is
the only species that can produce PST within the genus (Attaran-
Fariman et al., 2007; Negri et al., 2007; Hallegraef et al., 2012;
Gu et al., 2013). The origin of SXT genes in this species is not
well established, but the distribution of the sxtA and sxtG genes
suggest that G. catenatum acquired STX genes independently
from a secondary dinoflagellate-dinoflagellate transfer (Orr et al.,
2013). Another hypothesis, proposing that a single horizontal
transfer event occurred early in dinoflagellate evolution, is
the most parsimonious explanation for the origin of STX in
dinoflagellates (Murray et al., 2015).

In this paper, we analyse the identification, the genomic copies
number and the evolution of the sxtA gene in G. catenatum
using Mexican strains and comparing them with sequences of
G. catenatum, P. bahamense, and Alexandrium species from
other geographic regions, as well other non-toxic producing
dinoflagellates.

MATERIALS AND METHODS

Strains and Culture Maintenance
The strains of G. catenatum in our study were isolated from
several localities along the Mexican Pacific and the Gulf
of California (Figure 1, Table 1). The strains were grown
in modified GSe media (Bustillos-Guzmán et al., 2015) at
24 ± 1◦C under a 12:12 h light:dark photoperiod and a photon
irradiance of 150 µE m−2s−1 from white cool fluorescent
lights.

DNA Extraction and PCR
For the DNA extraction, 30mL of each strain were harvested
during the exponential growth phase by centrifugation at 1,000
× g for 10min; the supernatant was removed by decantation.
The pellet was frozen until extraction of DNA, using the CTAB
method (Band-Schmidt et al., 2012). Quantity and quality of
DNA were determined using nanodrop instrument (NanoDrop,
Thermo Fisher Scientific, Waltham, MA) and by agarose gel
electrophoresis.

The genomic DNA was amplified by PCR in a PCR thermal-
cycler system (MJ Mini, Bio-Rad Laboratories, Hercules, CA).
The PCR reactions to amplify sxtA1 and sxtA4 were carried
out in a final volume of 25 µl, the reaction mix consisted of
1 x PCR buffer, 0.5% DMSO, 1mM MgCl2, 0.5µM of each
primer (Table 2), 200µM dNTP’s, and 1U Taq DNA polymerase
(Invitrogen, Carlsbad, CA). The sxtA1 was amplified as follows:
1 cycle of 5min at 94◦C; 35 cycles of 30 s at 94◦C, 30 s at 61◦C,
and 1min at 72◦C, and 1 cycle of 7min at 72◦C. The sxtA4 was
amplified as follows: 1 cycle of 5min at 94◦C; 35 cycles of 30 s
at 94◦C, 30 s at 58◦C, and 1min at 72◦C, and 1 cycle of 7min
at 72◦C. The fragments were visualized on an agarose gel by
electrophoresis.
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FIGURE 1 | Isolation localities of Gymnodinium catenatum strains in the Gulf of California and the Mexican Pacific.

TABLE 1 | Strains, place and year of isolation, and GenBank accession number of the Mexican Gymnodinium catenatum.

Strain Place and date of isolation Isolator GenBank accession number

sxtA1 sxtA4

GCMV-7* Bahía de Mazatlán, Sinaloa, 2007 C. Band KY575974 KY575969

LC-62 Lázaro Cardenas, Michoacán, 2005 M. Rodríguez KY575972 KY575968

G7 new Manzanillo, Colima, 2010 S. Quijano KY575971 KY575969

GCCV-6* Bahía Concepción, B.C.S., 2000 C. Band KY575973

*Provided by the Colección de Dinoflagelados Marinos of CIBNOR (CODIMAR).

TABLE 2 | List of primers of each domain, name, sequence and the reference,

were used in the study.

Domain Primer Sequence 5′–3′ References

sxtA1 Sxt001F TGCAGCGMTGCTACTCCTACTAC Stüken et al., 2011

Sxt002R GGTCGTGGTCYAGGAAGGAG Stüken et al., 2011

sxtA4 Sxt007F ATGCTCAACATGGGAGTCATCC Stüken et al., 2011

Sxt008R GGGTCCAGTAGATGTTGACGATG Stüken et al., 2011

sxtA4qPCR sxtA4Gcat CGTACGCTTGAAGCACAATG This study

sxtA4Gcat TGCGAGTCGTCAACGAGTAT This study

sxtA1qPCR sxtA1Gcat AGCACCAGACGTTCTTCACT This study

sxtA1Gcat CTTCACGTGCTCGTAGATGC This study

Sequencing and Phylogenetic Analyses
PCR products were purified by precipitating with ethanol and
sent for sequencing in Macrogen (Seoul, South Korea) using an
automatic DNA sequencer (ABI 3730× 1).

For the phylogenetic analysis of the domain sxtA1 the EST
from different species of dinoflagellates deposited in the Marine
Eukaryote Transcriptome Sequencing Project were used. To
obtain the domain from these sequences BLAST searches were
done using the software BLAST+ 2.7.1 (National Center for
Biotechnology Information, USA).

Local databases were created using the peptides sequences and
comparing them with Alexandrium protein sequence as a query,
for the searches blastp was used, hits with e-value<1e−3 were
included in the phylogenetic analyses. Sequences of toxic and
non-toxic Alexandrium species deposited in GenBank were also
included in the analyses.

For the phylogenetic analyses of the sxtA4 domain, only
sequences of Alexandrium species and Pyrodinium bahamense
deposited in GenBank were included (Table 3). In both
cases (sxtA1 and sxtA4) the sequences were compared with
cyanobacterial sequences of the gen sxtA.

The sequences were examined and edited with Sequencher
4.1.4 software (Gene Codes, Ann Arbor, MI, USA). The
sequences of domain sxtA1 of G. catenatum, P. bahamense and
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TABLE 3 | Strains and GenBank accession numbers of species used in phylogenetic analyses for the sxtA1 and sxtA4 domains.

Species Strain designation GenBank accession number Isolation place

sxtA1 sxtA4

Alexandrium fundyense CCMP-1979 JF343354 Bay of Fundy, Canada

Alexandrium fundyense CCMP-1719 JF343371 JF343337 Portsmouth, USA

Alexandrium fundyense CCMP-1979 JF343309 JF343352 Bay of Fundy, Canada

Alexandrium fundyense CCMP-1719 JF343345 Portsmouth, USA

Alexandrium pacificum* ACSH-02 JF343260 Syndey, Australia

Alexandrium pacificum* ACCC-01 JF343243 JF343259 NSW, Australia

Alexandrium pacificum* CCMP-1493 JF343283 JF343329 Hong Kong, China

Alexandrium pacificum* ACTRA-02 JF343246 JF343261 Tasmania, Australia

Alexandrium pacificum OF-101 KF985179

Alexandrium pacificum ATTL-01 KF985178 Thau Lagoon, France

Alexandrium pacificum ACQH-01 KF985182 Washington, USA

Alexandrium tamarense CCMP-1771 JF343285 JF343331 Plymouth, England

Alexandrium pacificum+ ACSH-02 KM104250 Sydney, Australia

Alexandrium pacificum+ CS-315 KM104305 KM104289 Victoria, Australia

Alexandrium australiense+ ATBB-01 JF343291 JF343333 Tasmania, Australia

Alexandrium minutum AMAD-16 JF343278 JF343328 Port River, Australia

Alexenadrium minutum CCMP-1888 JF343307 JF343348 Laguna Obidos, Portugal

Alexandrium minutum CCMP-113 JF353269 JF343313 Vigo, Spain

Alexandrium minutum ALSP-02 JF343318 Vigo, Spain

Alexandrium ostenfeldii AOF-0927 KC835400 KC835401 Aland, Baltic Sea

Alexandrium ostenfeldii NCH-85 KC835499 KC835402 Skagerrak, North Sea

Alexandrium margalefii CS-322 KM104228

Alexandrium fraterculus CAWD52 KM104312 Coromandel, New Zeland

Alexandrium pseudogoniaulax CAWD54 KM104226 Tamaki Strait, New Zealand

Gymnodinium catenatum GCTRA-02 JF343257 JF343266 Australia

Gymnodinium catenatum CS-395 JF343253 Australia

Pyrodinium bahamense GBX01000001

Cylindrospermopsis raciborski T3 EU629178

Anabaena circinalis AWQC118 ACF94633 EU629177

Aphanizomenon flos-aquae NH-5 ACF94632 EU629175

Lyngbya wollei EU629174

*Before named Alexandrium catenella. +Before named Alexandrium tamarense.

Alexandrium was translated to amino acid sequences using the
program CLC Sequence Viewer 7 (CLC Bio, Qiagen, Denmark).
The dinoflagellate amino acid sequences were aligned with
MAFFTv7.313 (Yamada et al., 2016) with the L-INS-I model
using the default parameters. Poorly aligned positions of amino
acid alignments were removed with Gblocks set to the least
stringent trimming options.

The best fit model for the amino acid sequences was
selected using MEGA6 (Tamura et al., 2013); that WAG model
was the optimal evolutionary model. Maximum Likelihood
analyses were performed with RAxMLGUI (Silvestro and
Michalak, 2012), PROTWAG model was used, with 100
bootstrap replicates. Bayesian inference was performed with
the software MrBayes 3.2.6 (Huelsenbeck and Ronquist, 2001)
using the same model; one million generations were run
until the standard deviation of split sequences was less than
0.01.

The nucleotide sequences of domain sxtA4 were aligned
with MAFFTv7.313 with the G-INS-I model using the default
parameters. Poorly aligned positions of nucleotide alignments
were removed with Gblocks. Maximum Likelihood analyses were
performed with RAxMLGUI (Silvestro and Michalak, 2012).
The GTR model with gamma distribution was used for the
analysis with 500 bootstrap replicates. The Bayesian Inference
was performed using GTR model; one million generations were
run until the deviation standard was lower than 0.01. Trees were
sampled every 200 generations with a burning of 1000 trees.

Copy Number Determination of the

Domains sxtA1 and sxtA4
For the determination of the copy number G. catenatum (strain
62L) we cultivated the strain under the culture conditions
previously described, using batch cultures in triplicate in 250mL

Frontiers in Marine Science | www.frontiersin.org 4 August 2018 | Volume 5 | Article 28915

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Mendoza-Flores et al. sxtA Gene Identification in Gymnodinium catenatum

Erlenmeyer flasks with 150mL of media. For DNA extraction
100mL were harvested by centrifugation in the lag phase, 50mL
in the early exponential phase and 30mL in the late exponential
and stationary phase; in each phase a 2mL sample was taken
to determine the cell abundance using a 1mL Sedgewick–Rafter
chamber, the counts were done in an inverted microscope Carl
Zeiss Axio Vert.A1. For cell counts cells were fixed with lugol.

Primers for qPCR were designed from conserved regions
of G. catenatum to amplify partial sequences sxtA1 (150 bp)
and sxtA4 (180 pb) using the software Primer 3 (Untergasser
et al., 2012). The qPCR reactions were performed in triplicate
in 10 µL reactions mixtures containing, 0.5µM of each primer,
2.5mMMgCl2, 1x PCR buffer, 200µM dNTPs, 1U Taq Platinum
(Invitrogen), and 1× EvaGreen dye. Amplifications were carried
out in a CFX96 Touch Real-Time PCR Detection System (Bio-
Rad), with an initial denaturing step at 95◦C for 4 minutes and 45
cycles of 95◦C for 15 s, 56 or 55◦C (to sxtA1 and sxtA4 primers,
respectively) for 30 s. A melting-curve analysis was performed at
the end of each cycle to confirm amplification specificity.

For both domains standard curves were constructed, from a
10-fold dilution series using fresh PCR product of each domain,
ranging from 5 to 5 × 10−5 ng. The molecules of PCR product
were determined: (A× 6.022× 1023)× (660× B)−1, where A is
the concentration of the PCR product, 6.022 × 1023 Avogadro’s
number, 660: average molecular weight per base pair and B is the
length of the PCR product.

RESULTS

Phylogenetic Analysis Domain stxA1
The sequences length of domain sxtA1 of G. catenatum were
among 525 and 541 bp, with an agreement between predicted and
observed PCR amplifications. The GC content of the sequences
was 64%. The search performed in BLAST, shows that the
amplified sequences of G. catenatum correspond to sequences of
the same species and domain (98% identities and 0.0 e-value).
The second best match was related toAlexandrium fundyense and
gene sxtA (91% identities and 0.0 e-value).

The phylogenetic inference of domain sxtA1 showed the
separation of the cyanobacteria group, named cyanobacteria
clade. Dinoflagellates were included in a separate group,
named dinoflagellate clade. With this clade two well-defined
branches were observed, one branch grouping dinoflagellates
from different genera and some non-PSP producer species of
Alexandrium (A. ostenfeldii, A. monilatum, and A. fratercolum)
and the second branch including toxic and non-PSP producer
species of Alexandrium, as well strains of G. catenatum
(Figure 2).

Within the dinoflagellate clade two subclades were formed.
One contained sequences of G. catenatum strains from Australia
and Mexico, without any differentiation as a result of the low
differences between G. catenatum strains (0.2%), and another
subclade formed by Alexandrium spp. sequences. The sequences
used in the phylogenetic analysis of Alexandrium generally
were distributed without species- or strain-related patterns.
The pairwise distances between Alexandrium subclade and
Gymnodinium subclade were between 7.1 and 10.7%.

Phylogenetic Analysis Domain sxtA4
PCR amplification of the domain sxtA4 of G. catenatum strains
resulted in one product of approximately 658 bp; there was
agreement between predicted and observed PCR amplifications
with a GC content of the sequences of 60%. For this domain,
sequences from the three dinoflagellate genera/species that
produce STX (Alexandrium, G. catenatum, and P. bahamense)
were used. BLAST searches indicated that the amplified
sequences of Mexican strains of G. catenatum aligned in the
first place with the sequence of the sxtA4 domain of a strain of
G. catenatum (99% identity); the second alignment in BLAST
corresponded to the species A. fundyense (90% identity).

The cyanobacterial sequences formed a well-supported
clade separate from the dinoflagellate clade (Figure 3A). The
phylogenetic tree constructed by maximum-likelihood and
Bayesian inference showed that G. catenatum sequences form a
fully supported cluster (100 bootstrap value and 1.0 posterior
probabilities), separated from Alexandrium and Pyrodinium
species. In this case, within the Gymnodinium clade one Mexican
strain was grouped with the Australian strain and the other two
Mexican strains were grouped in a second branch (Figure 3B).
The differences within Gymnodinium strains $was 3%.

The only available sequence of P. bahamense was placed
together with Alexandrium species, forming their own cluster
(100-bootstrap value and 1.0 posterior probabilities), which was
designated as the Alexandrium/Pyrodinium cluster. Similar to
the sxtA1 domain, the sequences of Alexandrium do not show
a species- or strains-related pattern. The differences between the
sequences of Alexandrium and G. catenatum were of 13%.

Copy Number Determination
Between 75 and 32 genomic copies of sxtA1, and 143–74 genomic
copies of sxtA4 in G. catenatum were found in triplicate batch
cultures of strain 62L collected in different phases of the growth
curve, based on the qPCR assay (Figure 4). There was no
difference in the number of genomic copies among the different
growth phases of the culture.

DISCUSSION

Horizontal Gene Transfer (HGT) is a common process in
eukaryotes and plays an important role in the genome evolution
in these organisms (Andersson, 2005; Keeling and Palmer, 2008).
In dinoflagellates, HGT has been reported in various species,
especially in genes involved in photosynthesis and the Calvin
Cycle. The source of these genes differs, being transferred
mainly between eukaryotes (Takishita et al., 2003, 2008; Nosenko
et al., 2006; Patron et al., 2006; Minge et al., 2010). In these
cases the HGT correspond to tertiary endosymbiosis where the
endosymbionts transferred the genes to the genome of the host.

Murray et al. (2015) propose that the most parsimonious
explanation for the origin of STX in dinoflagellates is a single
horizontal transfer event that occurred early in dinoflagellate
evolution. The presence of paralogs of the sxtA1 domain in
species that do not produce STX may support this hypothesis. If
HGT occurred in an early stage in the evolution of dinoflagellates,
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FIGURE 2 | Phylogenetic tree of the domain sxtA1 from amino acids sequences of dinoflagellates and cyanobacteria. The tree is reconstructed with Bayesian

Inference, the numbers in the internal nodes represent the posterior probabilities/boostrap values.

the horizontal transfer from Alexandrium to G. catenatum
proposed by Orr et al. (2013) may not have been possible.

Ingestion of prey or phagocytosis has been described as the
mechanism of foreign gene acquisition in eukaryotes (Doolittle,
1998). IfAlexandriumwas a prey ofG. catenatum and transferred
its genes, it would be expected that G. catenatum was included
within the same clade withAlexandrium and Pyrodinium species.
SinceG. catenatum in both domains form a well-supported clade,
that separates from Alexandrium and Pyrodinium species, this
could indicate that the HGT from Alexandrium toGymnodinium
probably did not take place. It is possible that HGT occurred
during early evolution of dinoflagellates, with loss of genes in
other species of the genus. Moreover, G. catenatum can only
feed on small phytoplankton species <12µm (Jeong et al., 2005).
Feeding of G. catenatum on Alexandrium spp. has hitherto not
been reported.

The genusAlexandrium originated around the late Cretaceous
77MYA (John et al., 2003), whileG. catenatum, may have evolved
around of 150–140 MYA from Gymnodinium microreticulate
complex (Bolch, 1999). The presence of paralogs of the sxtA1
domain in two species of the order Gymnodiniales (Karenia
brevis and Pelagodinium beii), suggest that HGT occurred before
the divergence of Gymnodiniales and Gonyaulacales, with the
subsequent loss in the capacity of PST biosynthesis in other
dinoflagellates in the order Gymnodiniales; especially the loss
of the domain sxtA4, which is present only in species that can
produce PST.

In cyanobacteria, STX production genes originated from
multiple HGT. The sxtA gene has a chimeric origin with the

fusion of two different sources in one gene (Kellmann et al., 2008;
Moustafa et al., 2009). The presence of a single domain of the
sxtA gene in the dinoflagellates that do not produce STX can be
explained by the loss of the domain that is found in the STX-
producing species or that there weremultiple transfers and in this
case the transfer of the sxtA4 domain in non-toxic dinoflagellates
has not occurred.

Within the G. catenatum strains, the Mexican and Australian
sequences group together, but the evolutionary distance between
the strains of both regions was greater in the sxtA4 domain than
the sxtA1 domain. One possible evolutionary scenario is that both
domains have different mutation rates. Between Alexandrium
and G. catenatum a similar pattern of evolutionary distance was
observed.

The difference in the sequences within theG. catenatum strain
in each domainmay be explained since these domains are present
in multiple copies inside the genome, and this modification
corresponds to the variance between the copies without a
relationship within their geographic origin. One characteristic
of the dinoflagellates is that they have a large genome and most
of the genes families are present in multiple copies (Bachvaroff
and Place, 2008; Lee et al., 2014) and they normally occur in
30–5000 copies per genome, indicating that a high gene copy
number is widespread in dinoflagellates (Hou and Lin, 2009). In
Alexandrium species, there are differences in the sequences in
clones of the same strain, which may result from the presence of
multiple copies of the same gene (Stüken et al., 2011; Wiese et al.,
2014;Murray et al., 2015). This is not only observed in STX genes,
but also by the presence of many copies of the actin gene inside
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FIGURE 3 | (A) Phylogenetic tree of sxtA4 domain of cyanobacteria and dinoflagellates, the node labels indicate the posterior probabilities and bootstrap values.

(B) Phylogenetic tree of sxtA4 domain of dinoflagellates, the tree was reconstructed by Bayesian Inference, the node labels indicate the posterior probabilities and

bootstrap values.

the genome of Amphidinium and the changes between copies
(Bachvaroff and Place, 2008).

The genomic copy number of the domain sxtA4 of
G. catenatum is lower than the reported for A. catenella from
100 to 280 cell−1 (Murray et al., 2011; Stüken et al., 2011); and
higher than the values reported for A. minutum and A. ostenfeldii
with 1.5–10.8 and 1–15 copies cell−1 respectively (Stüken et al.,
2015; Savela et al., 2016). There is no information about the
genomic copy number of the domain sxtA1 in species of the
genus Alexandrium, but in this study the gene copy number of
G. catenatum of domain sxtA1 is lower than number for the
sxtA4 domain. Stüken et al. (2015) proposed that gene copy
number are not related to the genome size in A. minutum when

comparing many strains of the species. Within the Alexandrium
species, A. catenella and A. ostenfeldii have a similar genome
size; 100 pg cell−1 and 115 pg cell−1 respectively (Figueroa
et al., 2010), where the difference in the sxA4 copy number is
great. Within dinoflagellates the genome size exhibits a positive
correlation with cell size (Lin, 2011). The size of G. catenatum
varies from 31 to 41µm long and from 27 to 33µm wide
(Blackburn et al., 1989), while A. catenella size varies from 21
to 23.5µm long and from 23 to 25µm wide (Kim et al., 2002).
Although the genome size of G. catenatum is unknow; it can be
assumed thatG. catenatum has a higher genome thanA. catenella.
The copy number in sxtA4 domain is higher than the copy
number in G. catenatum, therefore, it could be suggested that
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FIGURE 4 | Average gene copy number cell−1 of domains sxtA4 and sxtA1 in

G. catenatum L62.

the genome size is not related to the sxtA4 copy number in
dinoflagellates.

Here it is shown for the first time the gene copy number of
the domain sxtA4 of G. catenatum, as well as for the domain
sxtA1, and a variation in the domain sxtA4 with respect to
Alexandrium species. Murray et al. (2015) mention that following
the acquisition of the genes trough HGT, a duplication process of
the genes occurred. However, this duplication process was not
the same within dinoflagellates that produce STX when the genes
were acquired, and this could be the reason of the difference
in gene copy numbers within dinoflagellates, and the selection
pressure can act in various ways over the STX genes.

This study establishes that HGT of the gene sxtA did not
occur from Alexandrium to G. catenatum, and that the HGT
in G. catenatum was an early evolutionary event that probably
occurred before this species diverged. The posterior loss of the

capacity to produce STX in other members of the microreticulate
complex, like in the Alexandrium genus, resulted in a the unique
species of the genus Gymnodinium that has the capacity to
produce STX.

If the HGT occurred in an ancestor of G. catenatum and
Alexandrium, it is important to observe the presence of the
paralogs of the sxtA1 domain in more species of the order
Gymnodiniales; especially in the Gymnodinium microreticulate
complex, in order to gain a better understanding of how
the transfer and losses of STX genes has been within the
complex, and how the evolution of these genes occurred in
dinoflagellates.
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In January 2015, a harmful algae bloom (HAB) of the dinoflagellate Gymnodinium
catenatum occurred in the Northern Gulf of California (NGC). This species produces
paralytic shellfish toxins (PSTs), a group of potent neurotoxins. The harvesting and
commercialization of geoduck Panopea globosa are important economic activities
in this region and were prohibited for several months due to the accumulation of
PSTs in clam tissues. We analyzed PSTs concentrations in P. globosa collected on
a weekly basis during 2015 near San Felipe, Baja California. The aim of the study
was to evaluate the transformation and depuration characteristics of PSTs in different
geoduck tissues. The PST content was evaluated in the visceral mass and in the
siphon by high-performance liquid chromatography with post-column oxidation (HPLC-
PCOX). Additionally, 10 selected samples were analyzed by hydrophilic interaction
chromatography coupled to tandem mass spectrometry (HILIC-MS/MS). Toxicity in all
siphon samples was lower than the regulatory limit (RL) for PSTs of 800 µg STX eq kg−1.
In contrast, the maximum toxicity of 16,740 µg STX eq kg−1 detected in the visceral
mass exceeded 21 times the RL and it took 210 days to reach values below 800 µg
STX eq kg−1. Therefore, P. globosa can be considered a slow detoxifier bivalve with a
depuration rate of 4.3% day−1 (calculated by an exponential decay model; R2 = 0.80).
The N-sulfocarbamoyl toxins C1 and 2 were the most abundant analogs in the siphon
and viscera samples collected close to the HAB occurrence. The concentration of these
analogs decreased and GTX5 and more toxic analogs such as dcGTX2 and dcSTX
were detected. M-type analogs were detected by HILIC-MS/MS and represented up
to 75% of total PSTs in some samples. M-type analogs contributed to 48% of toxicity
estimated in the sample. We report for the first time the depuration rate, PSTs profile,
and its change over time in P. globlosa. This information is essential to characterize
the metabolism of toxins in this economically important bivalve but also to develop
management plans for fisheries if the organism is going to be recurrently exposed to
PSTs producing blooms, as seems the case for the NGC.
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INTRODUCTION

Paralytic shellfish toxins (PSTs) are a group of at least 50
water-soluble neurotoxic alkaloids analogs to saxitoxin (Wiese
et al., 2010). Dinoflagellates of the genera Gymnodinium,
Alexandrium, and Pyrodinium are the primary producers of
PSTs in marine environments (Jaime et al., 2007). PSTs attach
reversibly to the voltage-dependent sodium channel and block
the pores of the channels. This prevents the transmission of
the nerve impulses resulting in neuromuscular paralysis (Cestèle
and Catterall, 2000; Bricelj et al., 2005). PSTs vary in their
potency or biological activity: the carbamate (saxitoxin STX,
neosaxitoxin NEO, and gonyautoxins GTX1–4) are the most
potent toxins since they have a higher affinity to sodium channels.
N-sulfocarbamoyl toxins (B1 and 2 and C1–4) are the least
potent ones, while decarbamoyl toxins (dcGTX1–4, dcSTX,
and dcNEO) exhibit intermediate specific toxicities (Bricelj and
Shumway, 1998). Figure 1 shows the structures of the primary
toxin analogs and are grouped according to the molecular
substitutions.

Bivalves, crustaceans, some gastropods, and planktivorous
fishes that feed on PSTs producing organisms can accumulate
these toxins in their tissues and incorporate them into the
food chain. Consumption of contaminated shellfish with PSTs,
mainly bivalves, can lead to paralytic shellfish poisoning
(PSP) in humans. This syndrome can, at sufficient high toxin
concentrations, cause death from cardio respiratory arrest
(Botana, 2000). In Mexico, PSP is the most important toxic
syndrome related to harmful algae blooms (HABs) of marine
species and the only one associated with human fatalities
(Lewitus et al., 2012). In Mexico, PSP has affected at least 460
individuals with 32 recognized fatalities (Band-Schmidt et al.,
2010; Bustillos-Guzmán et al., 2016; Santiago-Morales, 2016).
The first recognized PSP outbreak occurred in 1979 in the coast
of Sonora to Jalisco (Figure 2) and was associated with a bloom
of Gymnodinium catenatum (Mee et al., 1986). The intoxication

of 19 people occurred, including three deaths, as well as an
extensive fish die-off (De la Garza, 1983; Mee et al., 1986). Other
outbreaks have been documented along the Mexican Pacific
coast (Bustillos-Guzmán et al., 2016). The bivalves responsible
for the intoxications were not identified in the majority of the
outbreaks. However, PSTs have been detected in shellfish in most
of these events. In the 1979 outbreak, the rocky oyster Crassostrea
iridiscens accumulated 10,700–17,200 µg STX eq kg−1 and the
clam Donax sp. accumulated 76,400 µg STX eq kg−1 (Mee
et al., 1986). In November 1989, three people died and 99 others
became intoxicated in the Gulf of Tehuantepec region (Oaxaca
coast, Mexican tropical Pacific, Figure 2) and the accumulation
of 8,110 µg STX eq kg−1 in oyster was documented (Saldate-
Castañeda et al., 1991). Also along the Oaxaca coast, three people
died and 17 were intoxicated between August 2001 and February
2002. Associated with this outbreak, up to 14,560 µg STX eq kg−1

were detected in mussels (Ramírez-Camarena et al., 2004; Band-
Schmidt et al., 2010; Santiago-Morales, 2016).

In general, the species responsible for the accumulation
of the PSTs during the outbreaks are G. catenatum in the
northern coasts of the Mexican Pacific Ocean and Pyrodinium
bahamense var. compressum in the south (Lewitus et al., 2012;
Bustillos-Guzmán et al., 2016; Santiago-Morales, 2016). Most
HABs of these species occur between February and May when the
water temperature is between 17–25◦C (Manrique and Molina,
1997; Gárate-Lizárraga et al., 2004, 2006; Lewitus et al., 2012).
In January 2015, an intense and extensive HAB of G. catenatum
occurred in the north of the Gulf of California (GC; Figure 2).
This HAB affected the economy, the ecology, and public health
of the region. Most notably, the HAB was associated with
seabirds and marine mammal die-offs (Garcia-Mendoza et al.,
in preparation), also resulting in the intoxication of at least five
people at Los Angeles Bay after the ingestion of wild bivalves
(Comisión Federal para la Protección contra Riesgos Sanitarios,
2015). As a direct consequence of this bloom, the extraction
and commercialization of some shellfish species was prohibited

FIGURE 1 | Structure of the paralytic shellfish primary toxin analogs, grouped according to the molecular substitutions.
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FIGURE 2 | Gulf of California and Mexican Tropical Pacific where outbreaks of paralytic shellfish toxins have occurred. The northern part of the Gulf of California and
the location of Atenea en el Mar company federal approved area for harvesting of Panopea globosa in San Felipe, BC, are presented in the inset of the map.

almost all year. Harvesting of Panopea globosa was particularly
affected.

Panopea globosa is an endemic geoduck clam from the
northwest coast of Mexico. Its distribution extends from the
upper GC to Magdalena Bay on the Pacific side of the Baja
California peninsula (Aragón-Noriega et al., 2012). Geoducks
clams are large infaunal bivalves, their shells can be larger than
25 cm, the siphon may exceed 1 m in length and can reach
2 kg of weight (Goodwin and Pease, 1987). These organisms
live buried in the sediment ranging from the intertidal zone to
a depth of 110 m (Bureau et al., 2002). P. globosa is one of
the most important economic resources of the GC. San Felipe
is the main port of arrival for these bivalves with a mean
production of 848 t year−1 from 2005 to 2010 that represent
approximately 10 million USD per year (Secretaría de Pesca
de Baja California, 2016). The market for Mexican geoducks
is the United States and Asian countries which demands live
adult organisms (Aragón-Noriega et al., 2012). The sanitary
ban implemented in 2015 significantly affected the industry
in the Northern Gulf of California (NGC). The extraction
of the clams was prohibited for 5 consecutive months and
after June 2015, closures occurred intermittently for another 5
months due to the detection of PSTs concentrations in visceral

mass above the regulatory limit (RL) of 800 µg STX eq kg−1

(Comisión Federal para la Protección contra Riesgos Sanitarios,
2015).

Accumulation of PSTs in geoduck species has been only
characterized in Panopea generosa (=Panopea abrupta). The
intra- and inter-population toxin variability was described in
organisms from two localities of the Washington coast (Curtis
et al., 2000). PSTs concentrations were highly variable among
locations and between the sampling depths of the organisms.
Most important, the amount of toxins accumulated in viscera
was much higher than in the siphon and its concentration was
above the RL for the entire 5 months of the study (Curtis
et al., 2000). There was no information about the presence of
the phytoplankton organism producing the PSTs. However, the
data indicated that P. generosa is a slow depurating organism,
with PSTs being retained in the tissues for long periods of time.
There is no information about the PSTs metabolism in P. globosa.
Therefore, the aim of this present study was to describe the
transformation and depuration of PSTs in viscera and the siphon
of the geoduck P. globosa. This information is important for the
characterizations of PSTs metabolic processes in bivalves and it is
necessary for the management of this important regional fishery
in case of HABs producing PSTs.
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MATERIALS AND METHODS

Study Area and Sample Collection
The GC, located in the northwest of Mexico, is a narrow
shelf sea of approximately 1,100 km length and 150 km width
(Gutiérrez et al., 2004). The GC is a productive semienclosed
sea that supports several industrial and small-scale fisheries
(Cudney-Bueno et al., 2009). The GC is situated between the
Baja California Peninsula (West) and the Sonora and Sinaloa
coasts (East). The Northern border is limited by the Colorado
River base level and the Southern border is delimited by an
imaginary line from the tip of the Baja California Peninsula to
Cabo Corrientes, Jalisco, Mexico (Espinosa-Carreón and Valdéz-
Olguín, 2007). The Northern Gulf goes from Colorado River to
the south of Tiburon Island (Figure 2).

There are approximately 20 Panopea harvesting areas in the
NGC. The laboratory FICOTOX of Centro de Investigación
Científica y de Educación Superior de Ensenada, Baja California
(CICESE) has been monitoring the phytoplankton community
intermittently since 2011 in surface water samples collected from
a harvesting area located south from San Felipe, Baja California,
Mexico (30◦39′30′′–30◦50′00′′ N and 114◦34′00′′–114◦41′15′′W;
Figure 2). This area is a federal concession to the company
Atenea en el Mar for geoduck extraction. After the detection of
the bloom, water samples were collected every week from January
to June of 2015. Also, geoduck clams were collected every week in
this area after the detection of the bloom.

The phytoplankton community was evaluated in water
samples collected at the surface and from 10 m depth vertical
net hauls; 250 mL of water were placed in dark plastic bottles
(Nalgene type) and fixed with 1–2 mL of a concentrated lugol-
acetate solution. This solution is recommended for evaluation
of the phytoplankton community with the Utermöhl technique
(Sournia, 1978). Lugol-acetate increases the settling velocity of
microalgae, and can be used for the majority of phytoplankton
species without damaging the cells. Also, has low toxicity
to humans compared with other fixatives (Andersen and
Throndsen, 2004). The Utermöhl technique (Sournia, 1978)
was used to identify and to evaluate phytoplankton cell
abundance; 10–25 mL of the sample were sedimented for at
least 24 h and the complete surface of the sedimentation
chamber was analyzed with a LEICA DMI3000B (Leica
Microsystems, Germany) inverted microscope. The abundance
of G. catenatum (in cells L−1) was calculated according to the
sedimented volume. A minimum of 500 cells were counted
to estimate the relative abundance of G. catenatum to total
phytoplankton cells (in %) present in samples collected from net
hauls.

Geoduck clams collected by scuba diving at 12–20 m depth
were maintained in cooler boxes and kept at 12–16◦C until
delivery to the laboratory. Samples were transported to the
laboratory FICOTOX in less than 24 h after the collection.
Associated with internal paperwork problems of the company
some organisms could not be delivered to the laboratory
after field sampling. Organisms collected on June 7 and 29,
July 2 and 25, and August 7 and 8 were kept alive in
the company tanks without food at 18◦C before delivering

the samples to the laboratory. These samples arrived at the
laboratory no more than 8 days after collection from the
field.

Once in the laboratory, organisms were dissected. The toxin
content was evaluated both in the visceral mass that contains
all the geoduck organs and in the siphon, the muscular part of
the organism. To obtain a representative sample and according
to recommendations of the national sanitary regulation for
PSTs monitoring in geoduck (Secretaría de Salud, 2016), each
sample consisted of three individuals. The tissues of the three
dissected organisms were pooled together, homogenized in a
blender and kept frozen at −20◦C until its analysis by high-
performance liquid chromatography with post-column oxidation
(HPLC-PCOX) according to Van de Riet et al. (2011). To extract
the toxins, 5 g of each tissue homogenate (consisting of three
siphons or three visceral masses) were mixed with 5 mL of 0.1 M
HCl and boiled for 5 min. After cooling to room temperature,
samples were centrifuged at 3,000 g for 10 min and an aliquot
of 500 µL of the supernatant was recovered and deproteinized
with 35 µL of trichloroacetic acid (TCA) 30% solution. The
pH was adjusted to 3 before and after the boiling step with
5 M NaOH or 5 M HCl. The pH was also adjusted after
the addition of the TCA with 25 µL of 0.1 M NaOH. The
aliquot was subsequently filtered through a 45 µm pore size
nylon membrane filter before injection onto the HPLC-PCOX
system.

Quantification of PSTs by HPLC-PCOX
HPLC-PCOX was conducted as described by Van de Riet
et al. (2011). The analysis was performed using an Agilent
Technologies 1100 model HPLC (Agilent, United States)
calibrated with eight certified reference standards obtained from
the Institute of Biotoxin Metrology, National Research Council
Canada (NRC, Halifax, Nova Scotia, Canada). For C toxins
(C1 and 2) 5 µL of each sample was injected onto an Agilent
Zorbax SB-C8 (250 mm × 4.6 mm, 5 µm) HPLC column.
For GTX toxins (GTX1 and 4, GTX2 and 3, dcGTX2 and
3, GTX5) and STX toxins (NeoSTX, STX, dcSTX) 10 µL of
each sample were injected onto an Agilent Zorbax Bonus-RP
(150 mm× 4.6 mm, 3.5 µm) column. After the chromatographic
separation, samples were oxidized online in a Vector PCX
derivatization instrument (Pickering Labs Inc., United States)
and detected by fluorescence. Excitation was at 330 nm and
emission detection at 395 nm. When the concentration of PSTs
in samples was higher than the calibration curve concentration
range, extracts were diluted with a 0.1 M HCl (pH 3) solution.
The dilution factor was considered in the calculation of PSTs
concentration.

Total toxicity of the sample was calculated by the
multiplication of the concentration of each toxin, the molecular
weight of STX diHCl and the toxicity equivalent factor (TEF) of
each analog according to Oshima (1995; Table 1).

Quantification of PSTs by HILIC-MS/MS
Ten selected samples collected at different dates were also
analyzed by hydrophilic interaction liquid chromatography
coupled to tandem mass spectrometry (HILIC-MS/MS). After
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the centrifugation step, the sample was lyophilized and sent
for analysis to the Centre for Environment, Fisheries, and
Aquaculture Science (Cefas). Here, the samples were subjected
to semiautomated solid phase (SPE) clean-up using Supelclean
ENVI-Carb 250 mg 3 mL−1 SPE cartridges (Sigma–Aldrich,
St. Louis, MO, United States). Sample extracts were eluted
and collected through the addition of 2 mL 20% acetonitrile
(MeCN) + 0.25% acetic acid at 3 mL min−1. SPE eluents
were vortex-mixed prior to dilution of 100 µL aliquots in
700 µL Verex polypropylene autosampler vials (Phenomenex,
Manchester, United Kingdom) with 300 µL MeCN.

HILIC-MS/MS was conducted according to Boundy et al.
(2015) using a 1.7 µm, 2.1 mm × 150 mm Waters (Manchester,
United Kingdom) Acquity BEH Amide UPLC column in
conjunction with a Waters VanGuard BEH Amide guard
cartridge; 2 µL were injected into a Waters Acquity UPLC
I-Class coupled to a Waters Xevo TQ-S tandem quadrupole
mass spectrometer (MS/MS). The HILIC-MS/MS method was
calibrated with nine STX analogs with certified reference
standards obtained from NRC (C1 and 2, dcGTX2 and 3, GTX2
and 3, GTX1 and 4, GTX5, dcSTX, dcNEO, NEO, STX) plus four
reference materials (C3 and 4, GTX6, doSTX, and tetrodotoxin
TTX) from Cawthron Natural Compounds (CNC, New Zealand)
and CIFGA laboratories (Lugo, Spain). Levels of toxins with no
reference standards, such as dcGTX1 and 4 and M-toxins, were
semiquantified using the response factor of the nearest structural
analog with a certified standard and applying a relative response
factor (RRF; Boundy et al., 2015; (1.8 for dcGTX1, 1.93 for
dcGTX4, and 1 for M toxins; Turner et al., 2015). In the absence
of relative toxicity data for M-toxins, TEFs were taken from
structurally similar PSTs analogs (Table 1).

Data Analysis
SigmaPlot 11.0 (Systat Software Inc.) was used to fit an
exponential decay function to the change of PSTs in time. Also,
the software was used to fit a linear model and an exponential rise
to a maximal regression model to the PSTs present in the siphon
in relation to the concentration of these toxin in the visceral
mass.

TABLE 1 | Toxin equivalent factors (TEFs; Oshima, 1995) applied for quantitation
and semiquantitation of PST analogs.

Analog TEF Analog TEF Analog TEF

C1 0.01 GTX2 0.4 dcNEO 0.4

C2 0.1 GTX3 0.6 STX 1

C3 0.02 GTX1 0.99 NEO 0.9

C4 0.1 GTX4 0.7 M1 0.1c

dcGTX2 0.15 GTX5 0.06 M2 0.3

dcGTX3 0.4 GTX6 0.1 M3 0.1c

dcGTX1 0.5a doSTX 0.05b M4 0.3d

dcGTX4 0.5a dcSTX 0.5 M5 0.1c

adcGTX1 and dcGTX4 based on assumed toxicity equivalency factors (Sullivan
et al., 1983). bdoSTX toxicity equivalency factor (Harwood et al., 2014). cToxicity
factors derived from EFSA GTX5 and GTX6. dToxicity factors derived from EFSA
11OH-STX.

RESULTS

Gymnodinium catenatum Abundance
The phytoplankton community has been monitored by the
laboratory FICOTOX intermittently from 2011 in surface water
samples collected every two weeks or every month in the
P. globosa extraction area located south from San Felipe.
In general, G. catenatum has been present from December
to April and surface abundances has been no higher than
10× 103 cells L−1 before 2015 (data not shown). On January 14,
2015, the abundance of this dinoflagellate reached 152× 103 cells
L−1 (Figure 3A). From this date, surface and vertical net tow
water samples were analyzed on a weekly basis. One week
after, the maximum abundance was detected the presence of
G. catenatum decreased to 9.3 × 103 cells L−1. Detection of this
species at the water surface continued in the following weeks
and a second abundance peak was registered on February 24
(18.5 × 103 cells L−1). After this date, this species disappeared
and was detected again in April and May at abundances lower
than of 3.8× 103 cells L−1 (Figure 3A).

The abundance of G. catenatum evaluated in vertical net tow
samples clearly showed the presence of the bloom in the area
(Figure 3B). The relative abundance of this species (abundance
of G. catenatum to total phytoplankton cells in the net sample)
was 55% on January 14 and decreased in the following weeks.
The relative abundance increased in February and reached a
maximum abundance of 87%. G. catenatum was detected in net
tow samples until March 10. This species disappeared after this
date and was detected again on May 1 with a relative abundance
of 62%. G. catenatum appeared in net tow samples on May 12 for
the last time with relative abundance of 27% (Figure 3B).

Toxicity in the Siphon and Visceral Mass
of P. globosa
The visceral mass (viscera ball) contains the gut, the digestive
gland, gonads, heart, kidney, and gills. Although this part of
the clams is rarely consumed, the visceral mass is the target
tissue to evaluate the concentration of PSTs in geoduck clams.
The muscle (siphon) is the part of the organism that is
preferentially consumed. PST concentrations together with their
transformation and depuration were evaluated in both tissues.
Toxin concentrations were determined in 23 siphon and 40
viscera ball samples collected in 2015. Also, toxin concentrations
in nine samples collected in 2017 were considered in the analysis
of the relation between the siphon and viscera toxicity (see
below).

Paralytic shellfish toxins were present in the siphon, although
concentrations were lower than the RL of 800 µg STX eq kg−1 in
all samples (Figure 3C). The highest PSTs concentration (429 µg
STX eq kg−1) was detected on January 27 and decreased from
this day. The lowest concentration was detected after five months
(60 µg STX eq kg−1) from the quantification of the maximum
PSTs accumulation (Figure 3C). Therefore, after July, no more
samples of siphon were processed. An exponential decay model
was fitted to the data describing the reduction in toxicity level
over time. The determination coefficient (R2) was 0.82 and the
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FIGURE 3 | Surface (A) and relative abundance (B) of Gymnodinium catenatum during 2015 in the northern region of the Gulf of California. Toxicity associated with
paralytic shellfish toxins in the siphon (C) and visceral mass (D) of geoduck samples collected from January 2015 to April of 2016. Dotted line shows the fitted of
exponential decay function to the data and the dashed line is the regulatory limit (RL) of 800 µg STX eq kg−1.

calculated depurating rate of PSTs in the siphon was 2.5% of toxin
loss per day (Figure 3C).

Panopea globosa accumulated PSTs mainly in the visceral
mass. Maximum PSTs concentration within these tissues reached
16,740 µg STX eq kg−1 in January. This concentration
represented 21 times the RL (Figure 3D). The toxicity was higher
than this limit for approximately eight months. A sample with
a concentration lower than 800 µg STX eq kg−1 was detected
on August 25, 210 days after the detection of the maximum
concentration. However, the toxicity increased again in the
following weeks and fluctuated around the RL during the rest of
2015. The last sample processed for the study was collected in
March 2016 and presented a PSTs concentration of 629 µg STX
eq kg−1.

An exponential decay model was also fitted to the change
of PSTs in viscera over time (R2 = 0.80). The maximum PSTs
concentration detected on January 27 was the first data used
in the analysis (Figure 3D). The calculated depuration rate
was 4.3% of toxin loss per day. According to this, the PSTs
concentration should have reached the RL 106 days after the
maximum concentration was detected.

Paralytic shellfish toxins in the siphon were related to the
concentration of these toxins in the visceral mass. This relation
is shown in Figure 4. PSTs concentrations detected in viscera and
siphon after another HAB that occurred in January 2107 were also
considered in this analysis. On January 24 of 2017, G. catenatum
surface abundance reached 283 × 103 cells L−1 in the P. globosa
extraction area. The relative abundance of G. catenatum in net
tow samples was 87% on this date.

After the 2017 HAB, concentrations above 800 µg STX eq
kg−1 were detected in three siphon samples (Figure 4). An
exponential rise to a maximal value function explains 78%
(R2 = 0.78) of the variance between PSTs present in the siphon
in relation to the presence of these toxin in the viscera. However,
a high PSTs concentration detected in the siphon (1,063 µg STX
eq kg−1) clearly influenced the relation and increased R2 when
the exponential function is considered. This concentration in the
siphon was detected when viscera presented 49,166 µg STX eq
kg−1. Regression analysis considering different models (linear,
exponential, polynomial) were performed without considering
these high concentrations of PSTs (outlier). PSTs in the siphon
were linearly related (best fit) to the concentration detected in
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FIGURE 4 | Relation between calculated toxicity of the siphon and visceral mass in geoduck samples collected during 2015 (circles) and 2017 (squares). The filled
square shows the highest paralytic shellfish toxin concentration detected in viscera in 2017. This point was omitted (outlier) when a linear regression analysis was
applied (R2 = 0.72, dashed line; see text). An exponential rise to a maximal function was used for the regression analysis considering all data (R2 = 0.78, solid line).

viscera below 20,000 µg STX eq kg−1 (R2 = 0.72; Figure 4).
According to this model, toxicity in viscera was 23.8 times higher
than the one detected in the siphon. Importantly, the toxicity
in the siphon will exceed the RL when toxicity in visceral mass
reaches 18,424 µg STX eq kg−1.

Paralytic Shellfish Toxins in the Siphon
and Visceral Mass of P. globosa
To characterize the accumulation and biotransformation process
of PSTs, it is essential to evaluate the analogs present in the
samples. Therefore, we evaluated the concentrations of 12 PSTs
analogs in both the siphon and visceral mass samples (Figure 5).
Both tissues contained the major analogs C1 and 2, GTX2 and 3,
GTX5, dcGTX2 and 3, and dcSTX. We detected trace amounts
of GTX4, Neo, and STX in some viscera samples, while STX and
Neo were not detected in any of the siphon samples.

The variation in the molar concentration of each toxin and
its contribution to total toxicity in the siphon and viscera during
the monitoring period is shown in Figure 5. In the siphon, the
molar content was 16 nmol g−1 in February and decreased to
1 nmol g−1 in June (Figure 5A). C1 and 2 were the prevalent
toxins in all the samples throughout the monitoring period.
These analogs represented 95% of the total PSTs content in the
siphon samples during February and decreased to 28% at the

end of the sampling period (Figure 5C). The reduction of C1
and 2 was accompanied with an increase of GTX5, dcGTX2, and
dcSTX to a maximum combined relative concentration of 60%
(0.6 nmol g−1; Figure 5C). The contribution to total toxicity in
terms of STX equivalents of each analog is shown in Figure 5E.
Type C toxins contributed up to 73% to the toxicity in January.
With the reduction of C1and2 in the siphon, a significant increase
of dcSTX contribution to total toxicity was detected at the end of
the sampling period (68% in June, Figure 5E).

Toxin content in the visceral mass was 457 nmol g−1 in
January 2015 and decreased to 3.6 nmol g−1 in February 2016
(Figure 5B). Similar to the siphon samples, C1 and 2 were
the dominant analogs (Figure 5D) in February 2015 since they
represented 90% of the molar content (384 nmol g−1). In
contrast with the siphon, there was a sharp reduction of the
concentration of these toxins with time in viscera (Figure 5D).
However, an increase of C toxins with respect to previous
concentrations was detected two times in May. PSTs molar
concentration of C toxins increased from 18% on April 24 to
33% on May 1 and from 22% on May 12 to 44% on May
19 (Figure 5D). The reduction of C toxins was accompanied
with the appearance of GTX5 and the more potent toxins,
dcSTX and dcGTX2 (Figure 5F). After February, dcSTX was
the analog that contributed the most to total toxicity. The
highest dcSTX concentration (338 nmol g−1) was detected on
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FIGURE 5 | Paralytic toxins in the siphon (A,C,E) and in the visceral mass (B,D,F) of geoduck samples collected from January 2015 to April of 2016. The paralytic
toxins molar concentration (nmol g−1) is presented in A and B. The molar contribution (in %, C,D) and toxicity contribution (in %, E,F) of different paralytic toxins
analogs detected during the sampling period is also shown. The toxicity of each analog was calculated according to the toxin equivalent factors shown in Table 1.

May 12 and represented 63% of the 2,610 µg STX eq kg−1

calculated on this date. At the end of the monitoring period, low
STX concentrations were detected (maximum concentration of
1.2 nmol g−1) that represented the 9% of the toxicity calculated
in March 2016 (50 µg STX eq kg−1).

There is a limitation on the detection and quantification of
PSTs analogs by HPLC-PCOX. The detection of PSTs by this
method was only directed to the commercially toxin certified
reference materials available when the method was developed.
Therefore, to evaluate the presence of other analogs, 10 selected

viscera samples were also analyzed by HILIC-MS/MS. This
methodology allowed the detection of 12 other analogs not
detected by HPLC-PCOX, including type M toxins. The five M
analogs described so far were all detected in the tissue samples.
M5 was the most abundant M-toxin, followed by M1 and M3.
M-toxins represented between 30% (230 nmol g−1, January 20)
and 75% (28 nmol g−1, June 29) of total PSTs detected by HILIC-
MS/MS (Table 2). There was not a clear pattern in time of the
contribution of M-toxins to total PSTs. Considering the TEFs
shown in Table 1, the concentration of these toxins represented
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TABLE 2 | Contribution of M-toxins to molar concentration (nmol g−1) of PST and
total toxicity (µg STXeq kg−1) calculated by HILIC-MS/MS analysis in geoduck
visceral mass samples.

Sample date nmol g−1 Toxicity (µg STXeq kg−1)

Total M-toxins Total M-toxins

1/14/2015 497.7 131.6 (52.9%) 1,8633.7 10, 970.8 (58.9%)

1/20/2015 768.9 118 (30.7%) 29,448.9 9, 842.4 (33.4%)

1/27/2015 1,086.9 241.4 (44.4%) 41,027 20, 119 (49%)

1/17/2015 154.6 34.6 (44.8%) 6,026.6 2, 884.1 (47.9%)

3/17/2015 58.1 15.3 (52.8%) 3236.5 1, 279.6 (39.5%)

5/1/2015 45.9 13.2 (57.7%) 3844.7 1, 103.6 (28.7%)

6/29/2015 37.8 14.1 (74.8%) 2450.2 1, 179 (48.1%)

8/17/2015 51.6 13.3 (52.1%) 2813.1 1, 109.6 (39.4%)

8/25/2015 11.2 3.3 (58.5%) 885.9 274.7 (31%)

11/10/2015 12.0 2.8 (45.9%) 1023.7 230.5 (22.5%)

9,718 µg STXeq kg−1 on January 20 (33% of total toxicity) and
1,838 µg STXeq kg−1 on June 29 (48% of total toxicity, Table 2).

DISCUSSION

Here, we report PSTs profiles in the viscera and the siphon
tissues of P. globosa. This is the first characterization of the
transformation and depuration of different analogs in a geoduck
clam. The accumulation of PSTs in P. globosa was associated
with a HAB of G. catenatum that was present in the NGC
during the first months of 2015. HABs of G. catenatum have
been reported in different areas of the GC (Band-Schmidt et al.,
2010), but they have not been registered in the NGC since
there was not a continuous monitoring program in the region.
Monitoring of PSTs in organisms extracted from areas located
south from San Felipe initiated in 2010 and the first sanitary
ban for the extraction of P. globosa was implemented in the
same year. As a consequence, FICOTOX research laboratory
has been monitoring the phytoplankton community in the
area since 2011. We have documented that G. catenatum is
a conspicuous species of the phytoplankton community from
December to April with abundances lower than 10 × 103 cells
L−1 (Murillo-Marínez, 2011). However, in 2015, the abundance
reached 152× 103 cells L−1 in samples collected at the surface
of the water column. The presence of G. catenatum was related
to maximum toxicity of 16,740 µg STXeq kg−1 (27 the RL) in
viscera of P. globosa. In 2017, another bloom was registered in the
region and maximum registered abundance of the dinoflagellate
(283 × 103 cells L−1 in surface water samples) and associated
accumulation of PSTs (49,166 µg STX eq kg−1 in viscera samples)
in P. globosa increased importantly.

Although the relationship between the two variables is
complex, the abundance of G. catenatum seems not particularly
high when considering the PSTs concentrations and total sample
toxicity quantified in the clams. Higher abundances of this
species have been reported during HABs in other regions. In
the GC, for example, G. catenatum blooms have been associated
with wild and cultured animals die-offs, economical loses

(Núñez-Vázquez et al., 2011) and caused human intoxications
and fatalities (Morey-Gaines, 1982; De la Garza, 1983; Mee et al.,
1985; Band-Schmidt et al., 2010). Abundances registered during
these HABs were in the order of 1× 106 cells L−1 (Morey-Gaines,
1982; De la Garza, 1983; Mee et al., 1985; Band-Schmidt et al.,
2010). G. catenatum has also been reported in high abundances
in others parts of the world. In Spain, abundances of 2× 106 cells
L−1 were reported in 1986 causing the accumulation of up to
26,400 µg STX eq kg−1 in mussels (Anderson et al., 1989). In
Portugal, the dinoflagellate has occurred since 1986, with blooms
in autumn of 1986, 1990, 1992, 1994, 1995, and annually from
2005 to 2012 (Vale et al., 2008; Silva et al., 2015) with abundances
as high as 22 × 104 cells L−1 in 2007 (Rodrigues et al., 2012).
Intermittent and multiannual scale blooms of G. catenatum are
devastating to mussel aquaculture production in Galicia and to
the harvesting of natural shellfish banks on the Galician and
Portuguese coasts. Toxin levels of up to 60,000 µg STX eq.
kg−1 in mussel meat were reported in 2005 and 2010 (Pazos
et al., 2006; Vale et al., 2008), leading to prolonged harvesting
closures lasting until the following spring (Trainer et al., 2010).
G. catenatum surface abundance did not reflect the magnitude of
the HAB event in the NGC since this species can be distributed
subsuperficially. The high relative abundances detected in net
tow samples of the NGC in this study indicate this subsurface
distribution.

The high levels of toxin accumulation and the time required
for toxin depuration in the clams was related to the long
duration of the HAB. The presence of G. catenatum, in January,
part of February and from March to May caused that PSTs
in viscera remained above the RL for almost all 2015. The
characterization of PSTs concentration changes in terms of STX
eq is essential for regulation purposes. The calculated depuration
rate of P. globosa was 4.3% of STX eq loss per day. Therefore,
after the accumulation of 16,740 µg STX eq kg−1 in viscera,
total PSTs should have reached the RL 106 days after this
maximum level of toxicity. However, the RL was reached 104
days later than the date estimated by the exponential decay
model. PSTs concentrations were found to decrease in time but
there were periods when the toxicity increased compared to
previous measurements (Figures 3C,D). This increase in toxicity
was related to the increase in the abundance of G. catenatum
in the water column that represented a continuous source of
PSTs for geoduck clams. This consequently represents a bias in
the calculation of the depuration rate in P. globosa. However,
even with an under-estimation of the rate, it is evident that this
species is a low depuration organism since it accumulates toxins
for several months in their visceral tissues. Bricelj and Shumway
(1998) classified bivalves that need several months to years to
detoxify below the RL and present detoxification rates between
0.1 and 4% of STX eq loss per day, as a low depuration species. In
contrast, a fast depurator bivalve has an elimination rate between
6 and 17% of toxin loss per day, and reach the RL between 1 and
10 weeks, depending on the amount of toxin assimilated (Bricelj
and Shumway, 1998). Panopea species have low depurating
physiology since P. generosa was also found to retain toxicity
for long periods of time (Curtis et al., 2000). Another low
depuration clam species is Saxidomus giganteus with an average
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of 0.7% of STX eq loss per day in the whole tissues (Quayle,
1969; Madenwald, 1985; Price et al., 1991), Spisula solidissima
depurates at 1.9%, measured in whole animals (Shumway et al.,
1988), Placopecten magellanicus at 0.6% when pools of digestive
tissues, gills, and mantle are measured (Shumway et al., 1988),
and Patinopecten yessoensis with an average of 2.6% in digestive
tissues (Nishihama, 1980; Ogata et al., 1982; Tazawa et al., 1988).

C1 and C2 were the most abundant analogs in the siphon and
viscera samples collected close to the HAB occurrence. These are
the main analogs present in G. catenatum and represented 95%
of the PSTs detected in phytoplankton samples during the bloom,
dcGTX3, dcNeo, and GTX2 and 3 comprised the remaining
5%, (Bustillos-Guzmán et al., 2016; García-Mendoza et al., in
preparation). Following the incorporation of toxins into the clam
tissues through feeding activities, toxins transformation occurred
principally in the viscera, where the low potency toxins C1 and 2
were converted into GTX5 and the more toxic analogs dcGTX2
and dcSTX. The presence of high toxic analogs and the increase in
its relative contribution to the PSTs content in viscera caused that
the toxicities remained above the RL for several months. Since
there is a high number of analogs and different reactions involved

in their transformation (Cembella et al., 1994; Oshima, 1995;
Guéguen et al., 2011; Turner et al., 2012b, 2013), it is difficult
to describe all the biotransformation steps and conversion rates
that occurred in P. globosa after toxin bioaccumulation. However,
we identified the principal biotransformation reactions in this
species (Figure 6). Epimerization occurred between the epimeric
pairs C1 and 2 and dcGTX2 and 3. C1 was then converted into
GTX5 by desulfuration in R3 position or into dcGTX2 by desulfo-
carboxylation in R4. C1 can also be transformed into dcSTX
if both reactions occur in parallel. However, according to the
time of appearance of PSTs analogs in P. globosa, it is more
likely that formation of GTX5 is an intermediate step for the
formation of dcSTX by desulfo-carboxylation in the R4 position.
These biotransformation reactions explain the observation of
the reduction of C1 and 2 which was accompanied with an
increase in GTX5, dcGTX2, and dcSTX to a maximum combined
relative concentration of 59%. Even when enzymatic conversion
of PSTs analogs to decarbamoyl (dc) derivatives is uncommon
among bivalves (Bricelj and Shumway, 1998) and has been only
demonstrated in the Pacific clam Protothaca staminea (Sullivan
et al., 1983), the surf clam Spisula solida (Turner et al., 2013) and

FIGURE 6 | Diagram of assumed biotransformations that occurred in viscera of geoduck Panopea globosa contaminated with Gymnodinium catenatum paralytic
shellfish toxins. The part of the molecule that is modified to become in another analog is highlighted in a square. Solid arrow: desulfo-carboxylation, dashed arrow:
desulfurization, double arrow: epimerization.
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in the Japanese clams Mactra chinensis and Peronida venulosa
(Oshima, 1995), we identified in this study the production
of dcGTX2 and 3 and dcSTX by N-sulfocarbamoyl toxins
hydrolysis.

The characterization of the PSTs conversion steps and
conversion rates becomes more complicated if the M-toxins
are considered. Five M analogs were present in P. globosa
tissues and represented a significant proportion (between 30–
75%) of the PSTs detected in the samples. This is the first
time that M-toxins are reported in geoduck clams. These
analogs were described in 2008 in blue mussels (Mytilus edulis
and Mytilus trossulus) from eastern Canada during a HAB of
Alexandrium tamarense (Dell’Aversano et al., 2008). M-toxins
are most probably metabolites or degradation products formed
in shellfish since they have not been detected in microalgae
(Dell’Aversano et al., 2008). Five M-toxins analogs have been
described. Vale (2010) found that M1 is the most abundant in
species that retain PSTs toxins for longer periods. M1 toxin
has been reported in mussels (Mytilus galloprovinciallis), cockles
(Cerastoderma edule), and clams from estuarine (Ruditapes
decussatus) and oceanic habitats (Donax trunculus and Ensis
spp.) collected in Portugal during a HAB of G. catenatum
(Vale, 2010). M1 could contribute to an important fraction
of the PSTs profile (up to 70% of total GTX5) and has been
proposed that it is originated from the metabolism of GTX5
(Vale, 2010). In the case of P. globosa, M5 was the most
abundant M-toxin. Probably, there is a rapid transformation
of some other M-toxins into M5 in this species. Metabolism
and biotransformation of this type of toxins has not yet been
elucidated.

The results of the present work have important implications
for both regulation and management. Evaluation of the
phytoplankton community in the NGC should be performed
more intensively during winter to monitor the appearance
of harmful species. The presence of G. catenatum should be
evaluated not only in surface samples but also in water samples
throughout appropriate depths within the water column, or
vertical net hauls, tube integrated or hose integrated samples
must be analyzed. Risk abundance indexes should also be
developed to evaluate the possible accumulation of PSTs in
geoduck clams above the RL.

Panopea globosa accumulated approximately 24 times more
toxins in the viscera than in the siphon. Curtis et al. (2000)
reported that accumulation of PSTs in viscera of P. generosa was
30 times higher than in the siphon. At the beginning of the fishery
in the 1970s, PSTs were not considered by the Washington State
Department of Health as a public health risk because the geoduck
viscera were presumed to be discarded. However, it was later
discovered that some members of a Native American tribe and
of Asian immigrant communities in the United States consumed
the viscera in soup (Curtis et al., 2000). Therefore, the sanitary
programs of United States included the viscera as the target tissue
for PSTs analyzes. This approach was adopted recently in Mexico
to be in accordance with the United States regulation (Secretaría
de Salud, 2016). The visceral ball is easily separated from the
siphon and mantle without risk of contamination. Consequently,
it is considered that consumption of the siphon is safe since

muscle tissue does not accumulate high concentration of PSTs
(Curtis et al., 2000). Geoduck Clam Biotoxin Monitoring Plan
of Alaska (Alaska Department of Environmental Conservation,
2017) considers evisceration and use of the siphon in some
cases when unacceptable levels of PSTs are detected in viscera.
We found that the accumulation of toxins in muscular tissue
was proportional to the concentration of PSTs in the viscera.
This indicates that a fix proportion of the toxins present in the
viscera are translocated to the muscle. The siphon will exceed
the RL when visceral mass accumulates 18,424 µg STX eq
kg−1. More data with high PSTs concentrations in the siphon
are needed to describe a more robust statistical relation, but
it is clear that this tissue can present toxicity above the RL,
as actually occurred in the HAB of 2017. In this year, PSTs
concentrations in viscera were almost three times higher than
in 2015 and the PSTs concentration in the siphon exceeded
the RL on three dates. These results have important regulatory
implications since the siphon could present a concentration
above the RL if there is a high accumulation of PSTs in
viscera.

The mouse bioassay (MBA; Anon, 2005) was the only
approved method for PSTs detection in shellfish for regulatory
purposes. Recently, European Community, Canada (Turner
et al., 2012a), and United States (U.S. Food and Drug
Administration, 2015) sanitary legislations included HPLC-
based methodologies as alternative methods to monitor these
toxins. The presence of M-type toxins in shellfish represents a
monitoring challenge since the MBA will be eliminated from
sanitary monitoring programs. There are no certified reference
standards of these toxins and its quantification and toxicity
estimation have been performed based on structure-activity
relations with other saxitoxin analogs (Dell’Aversano et al.,
2008). In the case of P. globosa, we estimated that M toxins
represented up to 49% of calculated total toxicity in some
samples. Furthermore, the contribution of M-toxins to total
toxicity was not dependent on the depuration process in the clam.
The relative concentration of these analogs did not vary with
time after the clams were exposed to G. catenatum. Importantly,
P. globosa represents a potential source of these toxins for
isolation due to high concentrations found in viscera. The
results obtained in the present work are important to elucidate
biotransformation pathways in the metabolism of PSTs in an
economically important bivalve. In addition, they are important
to develop management plans for the P. globosa fishery since
PST producing blooms have become recurrent (last documented
bloom occurred in January 2018) in the last years in the NGC.
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The ocean is intrinsically linked to human health as it provides food and wellbeing, yet
shifts in its dynamics can pose climate-ecological risks, such as harmful algal blooms
(HABs) that can impact the health and economy of coastal communities. For decades,
Ecuadorian coastal communities have witnessed seasonal algal blooms, events that
are driven by factors including complex ocean–climate interactions, nutrient availability,
and ecological variables. However, little is known about the risk perceived by coastal
populations regarding such events. Understanding how specific groups of people
in specific places perceive HABs risks is critical for communicating, promoting, and
regulating public health measures. This study assessed the knowledge, attitudes, and
practices of fishermen, restaurant owners, and coastal authorities in relation to HABs,
or ‘red tide’ events, in coastal Ecuador. Methods utilized in this study include a non-
probabilistic sampling approach for the two studied populations: coastal communities
comprised of fishermen and restaurant owners (N1 = 181), and authorities comprised
of coastal officials in the sectors of health, and environment and risk management
(N2 = 20). Using contingency tables, chi-square test, Cramer’s V correlation statistic,
and multiple correspondence analysis, this study compared the responses of these two
groups, coastal communities and authorities, to determine whether principal activity,
or livelihood, affected risk perception in each group. This project implemented four
workshops to interact with coastal stakeholders and more deeply understand risk
perception within studied populations. Results demonstrated that principal activity
indeed influenced risk perception of red tides, and that fishermen, restaurant owners,
and health authorities had limited knowledge and low risk perception of red tide impacts
on human health. Recommendations produced from this research include tailored
workshops and improved communication between authorities and coastal communities
to enhance algal bloom monitoring and coastal management during future red tide
events.

Keywords: coastal authorities, fishermen, human health, knowledge, attitudes and practices (KAP), red tides
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INTRODUCTION

The ocean is intrinsically linked to human health by providing
food and wellbeing, but can also pose climate-ecological risks
such as harmful algal blooms (HABs), which are considered
natural events that can flourish in response to warm sea surface
temperatures, thermocline shoaling, coastal upwelling, and other
factors not yet well understood (Moore et al., 2008; Fleming et al.,
2014; McCabe et al., 2016). However, climate variability such as
El Niño-Southern Oscillation (ENSO), along with climate change
and the expansion of nutrient enrichment, increase the frequency
of algal blooms with toxins that impact the livelihood and health
of coastal communities (Backer and McGillicuddy, 2006; Heisler
et al., 2008; Moore et al., 2008; Hallegraeff, 2010; Fleming et al.,
2014; Glibert et al., 2014). This was evidenced by the anomalously
warmer conditions in the eastern Pacific Ocean in 2015–2016,
from Alaska to Chile (McCabe et al., 2016; National Oceanic
and Atmospheric Administration [NOAA], 2016; Guzman et al.,
2017). During the so-called ‘Blob,’ Pseudo-nitzschia blooms off
the shores of Washington, Oregon, and California reached
record-breaking production of the toxin domoic acid, and
prompted coastal managers to close beaches, discard thousands
of clams, and apply communication strategies to prevent human
health impacts (McCabe et al., 2016). During this era, the coast of
southern Chile experienced anomalous climate-ocean conditions
that triggered harmful flagellate blooms, causing massive deaths
of salmon from aquaculture farms and raising public health
concerns (Clément et al., 2017).

Harmful algal blooms have been recognized as global
threats to human health, requiring international cooperation,
interdisciplinary approaches, and local-context strategies for
effective management (Moore et al., 2008; Bauer et al., 2010;
Fleming et al., 2014). Previous social research on HABs have
recognized the importance of risk perception approaches in
shifting the way the public thinks and behaves during HAB
events. Risk perception is a complex process by which individuals
acquire and interpret information and knowledge through the
contexts of lived experiences, personality, and culture (Slovic,
1987, 2000; Boholm, 1998; Finkel, 2008; Brisson et al., 2017).
Thus, understanding how specific groups of people, in specific
places, perceive HAB risks is critical for communicating,
promoting, and regulating public health measures. HAB studies
conducted in Florida applied a broader framing and theoretical
framework that included risk perception, social amplification
of risk, and place-specific context, and developed strategies
for HAB risk communication, planning, and outreach to the
general public (Kuhar et al., 2009; Nierenberg et al., 2010;
Kirkpatrick et al., 2014). In Washington State, a cross-cultural
study analyzed the health risk perception of domoic acid
ingestion through razor clam consumption within groups of
coastal Native American nations and recreational razor clam
harvesters. An ethnographic study on Quebec, Canada, applied
a risk perception approach to gain a better understanding
of the attitudes of citizens toward cyanobacteria and public
health measures (Brisson et al., 2017). These studies have
demonstrated that it is critical to incorporate the knowledge,
awareness, and actions of coastal communities into response

practices to prevent negative economic, ecological, and human
health impacts (Nierenberg et al., 2010; Kirkpatrick et al., 2014;
Taylor et al., 2014). In this research, we applied the knowledge,
attitude, and practices (KAP) framework in the context of red
tide risk perception to gauge this information within groups of
coastal communities. This research framework is widely used to
study human behavioral changes in response to a problem or
disease (World Health Organization [WHO], 2008; Wan, 2014;
Rav-Marathe et al., 2016), and we leveraged KAP surveys to
understand place-based information that can contribute to local
HAB policy formation.

Within the eco-toxicological realm of HABs, prior studies
have identified five syndromes linked to these events, including
ciguatera poisoning, paralytic shellfish poisoning (PSP),
neurotoxic shellfish poisoning (NSP), amnesic shellfish poisoning
(ASP), and diarrheic shellfish poisoning (DSP) (García et al.,
2005; Grattan et al., 2016). There is evidence that those who
come into contact with toxic algae may experience skin irritation,
gastroenteritis, respiratory problems, and even liver failure (Rose
et al., 2001; Fleming et al., 2002; Kuhar et al., 2009). At this
time, no routine clinical tests exist to identify these symptoms,
and there are no known antidotes for these illnesses (Grattan
et al., 2016). Thus, it is extremely difficult to ascertain the effects,
duration, and remedies to HAB-related syndromes.

Along coastal Ecuador, communities have witnessed ‘red
tides’ for decades (Torres, 2013, 2015, 2017). However, there is
little awareness on the links between HABs and the potential
production of toxins in the algae and accumulation in shellfish.
Ecuadorian researchers have recorded around 150 red tide events
from 1968 to 2015, resulting in 30 reported mortalities of fish,
shrimp, and shrimp larvae. The most notable red tides occurred
in 1985, 2003, and 2007, with seasonal peaks in March, April, and
May. The Gulf of Guayaquil was recorded to have the greatest
number of events within the existing Ecuadorian red tides
records. Out of 71 species identified during the red tides events,
33 were potentially toxic. Within this group, 23 dinoflagellates
potentially toxic included: Gymnodinium sp., Margalefidinium
catenatum (Okamura, 1916) F. Gómez, Richlen and D. M.
Anderson, 2017, Cochlodinium sp., Prorocentrum maximum
(Gourret) Schiller, 1937, Prorocentrum micans Ehrenberg,
1834, Tripos furca (Ehrenberg) F. Gómez, 2013, Scrippsiella
trochoidea (Stein) Loeblich III, 1976, Prorocentrum cordatum
(Ostenfeld) J. D. Dodge, 1975, Karenia brevis (C. C. Davis)
Gert Hansen and Ø. Moestrup, 2000, Dinophysis caudata Saville-
Kent, 1881, three diatom pennate including Pseudo-nitzschia
sp., Pseudo-nitzschia pungens (Grunow ex Cleve) G. R. Hasle,
1993, Pseudo-nitzschia delicatissima (Cleve) Heiden, 1928, four
Cyanobacterias that are Trichodesmium erythraeum Ehrenberg ex
Gomont, 1892, Raphidiopsis curvata, Nodularia sp., Oscillatoria
limnetica var. acicularis Nygaard, 1950. Others groups registered
were Prymnesiophyte, Raphidophyte, and Haptophyta that are
Phaeocystis sp., Chattonella subsalsa B. Biecheler, 1936, Cocolitus
sp. (Jiménez, 1989, 1993, 1996; Torres and Palacios, 2007; Torres,
2013; Torres, 2017, unpublished data; WoRMS Editorial Board,
2018).

Several of the aforementioned algal species have been proven
to negatively impact human health, including Pseudo-nitzschia,
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which has been associated with ASP, Gymnodinium, which is
associated with PSP, Dynophisis, associated with DSP, and recently
Ostreopsis cf. ovata, associated with the production of a palytoxin-
like condition (Torres, 2013, 2015, 2017; Carnicer et al., 2016).
Despite the relevance to public health concerns, there are no
established monitoring programs of HABs that assess the toxicity
of lipophilic shellfish in Ecuador. There is limited local knowledge
on HABs and their impacts on the health and livelihood of
coastal communities, which contributes to the lack of monitoring,
surveillance, and awareness strategies for HAB responses in this
region (Torres, 2013, 2017).

This study utilizes the KAP behavioral framework to
understand the underlying mechanisms that inform HAB
health educational interventions, risk communication, and
management. Global research has identified the importance of
a broader social framework to manage HABs risk, and this
research seeks to understand risk perception among coastal
communities (fishermen, restaurant owners, and authorities in
the health, environmental, and risk sectors), as a part of a
larger study on the ocean climate drivers of HABs, on the coast
of Ecuador. In addition, this study developed a stakeholder
engagement process to discuss responses and communication
strategies to raise awareness and inform future HAB events.
Results from this study can provide insight into the current
perceived risks of HABs by key stakeholder groups, and help to
define strategies and policies to manage HABs in the coastal zone
of Ecuador.

MATERIALS AND METHODS

Study Area
The study area comprises part the coastal zone of the Gulf
of Guayaquil including four cities: Posorja and Playas in the
Guayas province, and La Libertad and Santa Elena in the Santa
Elena province (Figure 1). These cities range from about 18,000
and 24,000 in Posorja and Playas, respectively, to 96,000 in La
Libertad and 144,000 inhabitants in Santa Elena (Independent
National Electoral Commission [INEC], 2010a,b; Ricaurte-
Quijano, 2013). The main economic activities of these cities
include artisanal fisheries in Posorja, and tourism and commerce
in Playas, Santa Elena, and La Libertad. These economic activities,
which involve tourism, fisheries, and shrimp farming, and these
peak in the rainy season from December to April (Hernández and
Zambrano, 2007). Seafood cuisine such as clams, shellfish, crabs,
and fish are an economic staple in these provinces, and are heavily
consumed by tourists and locals.

Design Sampling and Interviews
To understand the underlying mechanisms of HAB risk
perception on the coast of Ecuador, we employed a knowledge,
attitudes, and practices (KAP) framework to this study (See
Supplementary Materials). To do this, we created semi-
structured surveys that explored the knowledge (K) of HABs, the
attitudes (A) toward the occurrence of HABs, and the practices
(P) or preventive behavior conducted in efforts to minimize
potential health risks of HABs (World Health Organization

[WHO], 2008; Kirkpatrick et al., 2014). The objective of the KAP
survey was to identify knowledge levels and actions of different
stakeholders during HAB events. The target population included
fishermen, restaurant owners, and coastal authorities in the cities
of Playas, Posorja, Santa Elena, and La Libertad in Ecuador.

Surveys were applied using a non-probabilistic sampling
approach for two groups of stakeholders: (1) fishermen (n = 120)
and restaurant owners (n = 61, total N1 = 181), and (2) coastal
authorities in the sectors of health (n = 8), environment and risk
management (n = 12, total N2 = 20) during the first 6 months of
2016. Most members of the authorities were heads of departments
in health, environment, risk management, and marine protected
areas. From this point forward, this group will be referred to
as ‘authorities.’ The coastal community group was comprised
of restaurant owners and fishermen, who were part of local
associations in each respective study site.

The involvement process with the stakeholders included
formal letters and introductory meetings to explain the objectives,
methodology, and scope of the project by the researchers.
Regional and local government offices, as well leaders of
fishermen and restaurant associations were contacted in advance
with that purpose in each locality. Surveys and interviews
between researchers and the studied populations were conducted
in-person for approximately 30 min each. Surveys included 23
questions that were divided into several sections: (1) demography
and background information; (2) knowledge, attitudes, and
practices related to red tides for each group; (3) climate
perception related to red tides, and (4) health perception related
to red tides. The term ‘red tide’ was used to signify an indicator
of potential HABs. Most of the questions were closed answers of
nominal, single scale, or selection by Likert scale. This scale is
a five-point bipolar response range from a group of categories,
asking people to indicate how much they agree or disagree,
or believe to be true or false (Likert, 1932; Jamieson, 2004).
The surveys were based on previous risk perception studies
applied in Florida, and were tested with a small sample group of
coastal public officers (Moore et al., 2008; Nierenberg et al., 2010;
Kirkpatrick et al., 2014). A limitation of this study is the inclusion
of coastal authorities, fishermen, and restaurant owners, and
the exclusion of hotel managers, tourists, and other residents,
in our surveys. A possible bias toward public interviewees vs.
institutional agents need to be considered in the interpretation
of the results.

Statistical Analyses
This study utilized contingency tables, Pearson’s chi-square tests,
and multiple correspondence analysis (MCA). The contingency
tables were applied to explore if there was a significant
relationship between the activity of the group (authorities,
fishermen and restaurant owners) and subgroups (environmental
and risk managers, health staff) and responses regarding their
knowledge, attitudes, and practices to red tide events. The
Cramer’s V statistic was used to corroborate the independence
or dependence of the two variables analyzed in each contingency
table. This statistic is a measure of association, or correlation,
between two categorical or nominal variables. The result is a
score between 0 and 1, with 0 indicating no correlation and 1
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FIGURE 1 | Map of the study area including interview locations of Santa Elena, La Libertad, Playas, and Posorja in Ecuador.

indicating perfect correlation (Hope, 1968; Husson et al., 2011;
Navarro, 2014). The null hypothesis of this study is that survey
responses from both groups are independent of their respective
principal activities or occupations. A MCA was used to determine
the associations between the responses to the KAP surveys by
the activity group, level of education, and if they considered
themselves to be affected by red tides. Statistical software (R
Program) was used for all statistical analyses.

Workshops for Coastal Stakeholders and
Health Practitioners: Feedback,
Communication, and Outreach
After the completion of interviews and surveys regarding red
tides, a series of workshops were developed in the study sites
to present the results and educate communities about drivers of
potential HABs, related marine toxins, and specific climatic and
oceanic events that occurred within local coastal areas. A total
of four workshops were given: two workshops for fishermen
and restaurant owners, and two for coastal managers regarding
the environment, disaster risk reduction, and public health. In
addition to presentations in the fields of biology, biomedicine,
and oceanography, a discussion session was developed to learn
about experiences and local knowledge of red tides within
different stakeholder groups. Excerpts and experiences of several
stakeholders are presented in this study.

RESULTS

Demography and Background
In the authorities, 12 (60%) were from health offices, and 8
(40%) were from environmental and risk management agencies.
Within the coastal communities group, 120 (66%) respondents
were fishermen, whereas 61 (34%) were restaurant owners.
Fishermen and restaurant owners were older than authorities by
an average of 10–15 years, and many members of this group had
been living in the community for about 15 years longer than
members of the authorities (Table 1). Most of the fishermen
and restaurant owners had received some education, with a
majority finishing elementary (52%) or high school (29%). All
authorities had received post-secondary degree (100%). Men
greatly outnumbered women in the fishermen and restaurant
owner group at nearly 80%, while women comprised the majority
of the authorities at 55%.

Knowledge, Attitudes, and Practices of
Ecuadorian Red Tide
Knowledge varied greatly between the two groups (fishermen
and restaurant owners, and authorities, p < 0.001) (Table 2).
The authorities had greater knowledge of the causes of red tides
(70% had an awareness of red tides on nearby beaches, and
100% had heard or seen of them), while approximately half
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TABLE 1 | Demography and background information.

Demography and background Fishermen
and

restaurant
owners

n = 181, n (%)

Authorities
n = 20, n (%)

1. Age

15–29 16 (8.84) 1 (5)

30–44 63 (34.81) 11 (55)

45–59 74 (40.88) 7 (35)

60–74 23 (12.71) 1 (5)

75–78 4 (2.1) 0 (0)

No response 1 (0.55) 0 (0)

2. Gender

Female 37 (20.44) 11 (55)

Male 143 (79.01) 9 (45)

No response 1 (0.55) 0 (0)

3. Education level

Primary school 94 (51.93) 0 (0)

High school 53 (29.28) 0 (0)

Post-secondary 9 (4.97) 20 (100)

No education 11 (6.08) 0 (0)

No response 14 (7.73) 0 (0)

4. Residence time

0–14 18 (9.94) 7 (35)

15–29 40 (22.10) 5 (25)

30–44 48 (26.52) 4 (20)

45–59 39 (21.55) 3 (15)

60–74 15 (8.29) 1 (5)

75–78 2 (1.10) 0 (0)

No response 19 (10.50) 0 (0)

Question 4 demonstrates that the amount of time an interviewee had lived in
the community was dependent on principal activity (p-value < 0.05). Cramer’s
V = 0.337 suggests moderate correlation.

(49%) of fishermen and restaurant owners had seen or heard of
them, and roughly half (46%) had not. Finally, most authorities
believed red tides do not occur frequently in coastal Ecuador
(60%), while most fishermen and restaurant owners did not
know (61%).

Attitudes pertaining to red tides within coastal Ecuador also
varied between the two groups (Table 2). Regarding the option to
avoid the beach if algae were present on the shore, the biggest
response within the authorities was ‘Strongly Agree’ (35%),
while the majority of fishermen and restaurant owners strongly
disagreed with this response (55%). Additionally, when asked
about avoiding the beach due to dead fish on the shore, the largest
response from the authorities was ‘Strongly Agree’ (40%), while
half of fishermen and restaurant owners strongly disagreed with
this statement (50%).

There was a large difference in red tide practices between the
two groups (Table 2). When asked if respondents would avoid
eating seafood or fish in the event of a red tide, authorities were
evenly divided (50% yes, 50% no), while the largest response
within the fishermen and restaurant owner group was ‘I don’t
know’ (39%).

Subgroup Analyses: Fishermen vs.
Restaurant Owners and Health vs.
Environmental-Risk Management
Results show that the risk and environment subgroup was well
informed about the causes of red tides (92% attributed these
events to climate change and nutrients), while the majority of
health authorities did not know the causes (63%) (Table 3).
Attitudes also differed greatly, as the majority of risk and
environment officials responded that they would avoid eating
seafood or fish if there were red tides (67%), while the majority
of health officials would not (75%). Both subgroups had similar
responses in managing red tides, both had the largest responses in
avoiding the beach when there are red tides. However, a greater
percentage of risk and environment officials felt they had been
affected by red tides (42% o) versus just 13% of health officials.

Figure 2 describe the responses of different groups
(fisherman = F, restaurant owners = Ro, environment and
risk authorities = E, and health officers = H) to the questions:
what are the causes of HABs, how they perceived to be affected
by HABs, and if they think they have been poisoned by seafood
contaminated with toxins. Regarding the causes of red tides,
environment and risk authorities were very knowledgeable
about the drivers of HABs. They identified climate change as the
first cause, followed by nutrients, while health officers (60%),
restaurant owners (50%), and fishermen (90%) have a poor
knowledge about the causes of HABs. When asked if they had
been affected by the red tides, most health officials said no (85%),
followed by the environment officers (65%), risk authorities
(60%), and fishermen (50%). These results suggest low risk
perception of HABs. Regarding if the groups think if they have
been poisoned by seafood contaminated with toxins restaurant
owners (75%) and fishermen (70%) believed they do not have
been poisoned.

Women and men from both groups (fishermen and restaurant
owners, and authorities) performed similarly in risk perception
responses (Table 3). Women and men from the authorities had
substantial knowledge of the possible causes of red tides (64%
of women and 77% of men attributed it to climate change and
nutrients), whereas the majority of women and men from the
fishermen and restaurant owners group did not know potential
causes (89% of women and 78% of men). Also, the majority of
men and women in both groups felt they had not been affected
by red tides (89% of women and 74% of men in the restaurant
owners and fishermen group, and 73% of women and 67% of men
from the authorities).

Climate and Human Health
When stakeholders were asked if climate had changed over
the years, most of the respondents agreed that the climate
is changing, including all of the authorities (100%) and most
of the fishermen and restaurant owners (89%). When asked
specifically about changes in temperature and precipitation, 59%
of fishermen and restaurant owners and 60% of authorities
perceived that these climate variables have changed (Table 4).

Health knowledge within the two groups was very similar;
the majority of both groups believed that shellfish consumption
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FIGURE 2 | Describes the response to tree questions as a function of group activity: fisherman (F), Ro (restaurant owners), environment and risk authorities (E), and
health officers (H). Questions are related to causes of HABs, if they perceived to be affected by HABs, and if they think they have been poisoned by seafood
contaminated with toxins.
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TABLE 2 | Knowledge, attitudes and practices in fishermen and restaurant owners and authorities.

Knowledge Fishermen and restaurant
owners n = 181, n (%)

Authorities n = 20, n (%) p-Value Cramer’s V correlation

5. Have you seen or heard of red tides on this beach?

Yes 88 (48.62) 20 (100)

No 83 (45.86) 0 (0) <0.001 0.581

I don’t know 10 (5.52) 0 (0)

6. What are the possible causes of red tides in this area?

Climate change 16 (8.84) 7 (35)

Contamination 13 (7.18) 0 (0)

El Niño 1 (0.55) 0 (0) <0.001 0.608

Nutrients 3 (1.66) 7 (35)

I don’t know 148 (81.77) 6 (30)

7. Do red tides occur naturally?

Yes 52 (28.73) 17 (85)

No 29 (16.02) 1 (5) <0.001 0.563

I don’t know 100 (55.25) 2 (10)

8. Do red tides occur frequently?

Yes 14 (7.73) 8 (40)

No 56 (30.94) 12 (60) <0.001 0.674

I don’t know 111 (61.33) 0 (0)

Attitudes Fishermen and restaurant
owners n = 181, n (%)

Authorities n = 20, n (%) p-Value Cramer’s V correlation

9. I avoid the beach because of the presence of algae on the shore.

Strongly disagree 99 (54.70) 6 (30)

Disagree 4 (2.21) 3 (15)

Neither agree nor disagree 8 (4.42) 2 (10) <0.001 0.341

Agree 6 (3.31) 2 (10)

Strongly agree 54 (29.83) 7 (35)

I don’t know 10 (5.52) 0 (0)

10. I avoid the beach because of the dead fish on the shore.

Strongly disagree 91 (50.28) 5 (25)

Disagree 2 (1.10) 3 (15)

Neither agree nor disagree 14 (7.73) 3 (15) <0.001 0.359

Agree 4 (2.21) 1 (5)

Strongly agree 59 (32.60) 8 (40)

I don’t know 11 (6.08) 0 (0)

Practices Fishermen and restaurant
owners n = 181, n (%)

Authorities n = 20, n (%) p-Value Cramer’s V correlation

11. Would you avoid eating seafood or fish if there are red tides?

Yes 62 (34.25) 10 (50)

No 49 (27.07) 10 (50) <0.001 0.483

I don’t know 70 (38.67) 0 (0)

An assessment of KAP within the study groups shows that all answers were dependent upon principal activity (p-value < 0.05). The null hypothesis (H0: X1 and X2 are
independents) of this study is that survey responses from the stakeholders (X1), are independent of their respective principal activities (X2), this was rejected. Responses
in the Knowledge and Practices sections had relatively strong correlations (Cramer’s V = 0.483 – 0.674), whereas the Attitudes section had more moderate correlations
(Cramer’s V = 0.341–0.359).

can cause intoxication or illness (87% of restaurant owners
and fishermen and 80% of authorities) (Table 4). However,
the majority of restaurant owners and fishermen did not
believe they had experienced seafood poisoning (69%), whereas
the largest response group for authorities believed they had
(45%). This question was oriented in general to respondents’
experiences of seafood-related illnesses, and was not necessarily

associated with consumption of seafood during red tides
events.

Using a graphical representation of a MCA, we identified
the correspondence between economic activity and level of
education, for two main questions: “What are the causes of
red tides?” and “Have you been affected by the red tides?” The
Figure 3 shows that fishermen are highly associated with the
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TABLE 3 | Subgroup analysis of authorities in risk and environment and health.

Authorities Risk and environment
n = 12, n (%)

Health n = 8, n (%) p-Value Cramer’s V correlation

12. What are the possible causes of red tides in this area?

Climate change 6 (50) 1 (12.5)

Nutrients 5 (41.67) 2 (25) <0.001 0.576

I don’t know 1 (8.33) 5 (62.5)

13. Would you avoid eating seafood or fish if there are red tides?

Yes 8 (66.67) 2 (25)

No 4 (33.33) 6 (75) <0.001 0.413

14. Options for managing red tides: When there is a red tide, I do not. . .

Go to the beach 6 (50) 3 (37.5)

Fish 0 (0) 1 (12.5)

Eat seafood 0 (0) 1 (12.5)

All of the above 4 (33.33) 2 (25) <0.001 0.512

Fish or eat seafood 2 (16.67) 0 (0)

I don’t know 0 (0) 1 (12.5)

15. Have you been affected by red tides?

Yes 5 (41.67) 1 (12.5)

No 7 (58.33) 7 (87.5) <0.001 0.321

Gender: Women Fishermen and restaurant
owners n = 37, n (%)

Authorities n = 11, n (%) p-Value Cramer’s V correlation

16. What are the possible causes of red tides in this area?

Climate change 2 (5.41) 4 (36.36)

Nutrients 2 (5.41) 3 (27.27) <0.001 0.539

I don’t know 33 (89.19) 4 (36.36)

17. Have you been affected by red tides?

Yes 4 (10.81) 3 (27.27)

No 33 (89.19) 8 (72.73) 0.003 0.198

Gender: Men Fishermen and restaurant
owners n = 144, n (%)

Authorities n = 9, n (%) p-Value Cramer’s V correlation

18. What are the possible causes of red tides in this area?

Climate change 15 (10.42) 3 (33.33)

Nutrients 14 (9.72) 4 (44.44) <0.001 0.571

I don’t know 115 (79.86) 2 (22.22)

19. Have you been affected by red tides?

Yes 38 (26.39) 3 (33.33)

No 106 (73.61) 6 (66.67) 0.284 0.027

The subgroup analyses on authorities (risk and environment, and health) and gender (fishermen and restaurant owners, and authorities) demonstrate that responses are
dependent on principal activity (p-value < 0.05), except for the analysis on whether men from the two groups (fishermen and restaurant owners, and authorities) felt they
have been affected by red tides (p-value = 0.284). There was a relatively strong correlation for most questions (Cramer’s V > 0.413).

category ‘I don’t know’ (in regards to the possible causes of red
tides), ‘Primary school’ in terms of educational level, and the
category ‘No’ in relation to being affected by red tides.

Authorities are somewhat associated with the ‘nutrient’
category of possible causes that generate red tides, and the ‘Post-
secondary’ (high school or beyond) category of education level. In
the case of health officers and environment and risk authorities,
both well-educated groups, they had better knowledge of the
complex interactions of HABs with nutrients. This result suggests
that authorities may be willing to include nutrient management
as part of a HABs management program. However, given that
health and environment-risk authorities do not self-identify as
affected by red tides suggests that they may have little interest

in taking action to develop and implement a HABs management
program.

DISCUSSION

The KAP surveys applied in this study contribute to our
understanding of HABs risk perception, providing local socio-
ecological information that can be used to inform policy
development of ocean and human health on the coast of Ecuador
and other similar tropical coastal countries. The study site has
historically experienced red tides, and coastal communities such
as fishermen, restaurant owners, and coastal managers are more
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TABLE 4 | Perceptions on climate and health for groups of fishermen and restaurant owners and coastal authorities.

Climate and health Fishermen and restaurant
owners n = 181, n (%)

Authorities n = 20, n (%) p-Value Cramer’s V correlation

20. During the time that you’ve lived here, have you noticed changes in the climate?

Yes 161 (88.95) 20 (100)

No 18 (9.94) 0 (0) 0.003 0.221

I don’t know 2 (1.10) 0 (0)

21. What changes have you noticed in the climate?

Change in rainfall 26 (14.36) 3 (15)

Change in air temperature 23 (12.71) 5 (25)

Change in both 106 (58.56) 12 (60) <0.001 0.278

No response 26 (14.36) 0 (0)

22. Shellfish consumption causes intoxication.

Yes 158 (87.29) 16 (80)

No 22 (12.15) 4 (20) 0.249 0.062

I don’t know 1 (0.55) 0 (0)

23. Do you think you have been intoxicated or poisoned from seafood with toxins?

Yes 35 (19.34) 9 (45)

No 125 (69.06) 6 (30) <0.001 0.553

I don’t know 25(11.60) 5 (25)

Climate and health analysis indicates that principal activity does affect interviewee responses (p-value < 0.05), except regarding whether or not shellfish consumption
causes intoxication (p-value = 0.249). Correlations were relatively weak to moderate (Cramer’s V = 0.062–0.278), except when interviewees were asked if they had been
poisoned from seafood with toxins (Cramer’s V = 0.553).

FIGURE 3 | Multiple correspondence analysis (MCA) using the 201 interviews considering four groups: fishermen, restaurant owners, health authorities, environment
officers, and risk authorities, considering their activity and level of education in regards of two questions: What are the causes of red tides?” and “Have you been
affected by the red tides?”

Frontiers in Marine Science | www.frontiersin.org 9 October 2018 | Volume 5 | Article 36542

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-05-00365 October 10, 2018 Time: 11:37 # 10

Borbor-Córdova et al. Risk Perception on Harmful Algal Blooms in Ecuador

aware of their occurrences than their causes. Furthermore, there
is a low risk perception of health-related consequences and,
instead, greater concern with the aesthetic of the beaches and
the impact on tourism. Interestingly, fishermen have developed
adaptation strategies during the red tide events that reduce their
HABs impact perception.

The coast of Ecuador has historically experienced red tides,
and coastal communities such as fishermen, restaurant owners,
and coastal managers are more aware of their occurrences
than their causes. Furthermore, there is a low risk perception
of health-related consequences and, instead, greater concern
with the aesthetic of the beaches and the impact on tourism.
Results from this study confirm that responses of individuals
depend on their life experiences, livelihood or profession, and
cultural values, thus coastal authority responses pertaining to
HABs differed greatly from those of restaurant owners and
fishermen. Additionally, responses from the authorities were
tightly linked to members’ previous experiences managing HABs
and lessons learned regarding best practices (Taylor et al.,
2014; Van Dolah et al., 2016). Furthermore, understanding the
interaction between ecosystems and stakeholder activities is
important in reducing the vulnerability of exposed populations
to HABs, and monitoring coastal hazards and research of coastal
ecosystems is an opportunity for stakeholder engagement.

Fishermen and Restaurant Owners:
Experience and Livelihood
Risk perception is a social construction influenced by human
factors, such as an individual’s culture, gender, education level,
socio-economic status, worldview, and previous experiences
(Leiserowitz, 2006; Lin et al., 2011; Taylor et al., 2014; Van Dolah
et al., 2016). In general, results demonstrate that risk perception
of the respondents does indeed depend on the primary activity
(livelihood or profession), education level, and life experience of
each individual. MCA demonstrates that lack of education, lack
of awareness of the origin of red tides, and low risk perception
of these events coincide. However, this study identified that
most of the fishermen who had lived 30 years or more along
the coast were very aware of the existence of red tides, leading
to the conclusion that greater observation and interaction with
red tides promotes higher risk perception of the impact of
HABs on livelihoods, but low risk perception of the impact
of HABs on human health. Most knowledge in this group is
derived by experiences from fishing efforts and observations of
climate patterns and changes along the coastal zone. There is
great uncertainty within coastal communities regarding the risk
of eating shellfish during episodes of red tides; fishermen and
restaurant owners do not consider it a risk (34%), and almost
40% of this group would not know what to do if there were a red
tide.

Life experience is the main factor that influenced behavior and
response to red tides in the fishermen and restaurant owners
group in this study. Members of this group were influenced
by their livelihoods, which were directly related to subsistence
fishing and tourism. Most respondents are not willing to alter
their practices during a HAB event for fear of loss of income.

This group’s low concern for the effects of red tides on human
health was confirmed when 90% of this group felt they had not
been affected by a HAB. During the workshop, respondents who
felt that they had been affected by red tides mentioned several
impacts: lack of fish, warmer ocean temperatures during the
events, and the need to travel greater distances in search of a good
catch. An aged fisherman expressed: “Red tides reduce fishing,
and they come every time the weather is stronger, every 5 or 6
years.” Another statement that is related to extreme events and
climate change include: “The red tides appear from the currents
of El Niño, and when they appear, the shellfish die,” and “Climate
change has affected marine currents because it brings very high
temperatures and no fish.”

About their practices, fishermen say: “When the red tides
appear, I fish away from the coast to obtain my catch,” or “Red
tides are temporary and when they happen, many red crabs
appear and I can catch them.” About their practices, fisherman
say: “When the red tides appear, I fish away from the coast
to obtain my catch,” or “Red tides are temporary and when
they happens, many red crabs appear and I can catch them.”
Interestingly, one of the most important finding in this study is
that fishermen have identified adaptation practices to respond to
and reduce the impact of HABs on their livelihoods.

In relation to the health impacts, a fisherman said, “We
have eaten fish during red tides and nothing has happened to
us.” This excerpt demonstrates that there was a misconception
that both shellfish and fish are affected by red tides, thus
potentially reducing risk perception among fishermen. On the
other hand, several restaurant owners felt that HAB events
had affected tourism: “Yes, we have been affected by red
tides because customers are leaving.” Or “Yes, algae affects
us because the sea looks dirty, and tourists do not like it.”
Some respondents recommended that management options be
established: “The Ministry of the Environment must create a
measure to counteract the red tide; one of the possible causes
of the red tide is the pollution of the rivers that flow into
the sea.” In relation to potential shellfish contaminated with
toxins, restaurant owners said, “We eat all kinds of seafood at
all times of the year, but seafood poisonings are produced by
improper food storage and food in poor condition,” suggesting
that seafood-borne illnesses are dependent on seafood freshness
and handling, but not related to HABs. The main concern
of fishermen and restaurant owners is the protection of their
livelihoods, and they expect local authorities to protect their
activities from hazardous coastal events such as red tides and
marine pollution.

Coastal Authorities: Awareness and
Monitoring
Incorporating risk perception of coastal authorities into
preventative measures and risk communication is critical
during extreme events such as HABs. This study found that
most of the authorities working in risk management and the
environment believed that climate change and nutrients coming
from wastewater from the cities and rivers were important
drivers of red tides. Furthermore, there was a lower level
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of uncertainty regarding the causes of red tides within this
subgroup compared to the health subgroup in relation to human
health impacts. Members of the environment and risk subgroup
are first responders and monitors of coastal hazards, and are
key components to early warning systems of coastal hazards
within the communities and health sector. Their experiences
managing and responding to red tides, along with their previous
education, contributed to their greater knowledge and higher
risk perception to these events. When the authorities was asked
about options for managing red tides, they responded that they
would avoid going to the beach, as well as eating seafood or fish
during red tide events, and that it would be necessary to develop
a communication strategy for the general public during HAB
events. Currently, there are no regulations on food safety of
wild shellfish, nor are there any programs on communication of
coastal risks such as HABs, in Ecuador.

Health sector authorities and staff were found to be less
informed than their counterparts in the environmental and risk
sectors about red tides and their links to diarrheic, amnesic,
neurologic, and paralytic syndrome produced by HABs. No cases
of any of the syndromes have been reported or identified in
emergency rooms in Ecuador. Additionally, there was a common
misconception within the health group that cooking the shellfish
would eliminate toxins. Moreover, the public health subgroup did
not consider themselves to have been affected by HABs events
(88%) and most would not stop eating seafood or fish during red
tide events (75%). A very low risk perception of HABs on human
health is related to limited awareness and understanding of red
tides causes, processes, and impacts on the coastal area. However,
at one workshop, health stakeholders expressed their concern
and interest in knowing more about unusual cases of shellfish
poisoning, and some local physicians and clinical staff expressed:
“There is not a specific protocol of interventions during red tides,”
and “It would be very difficult to identify some of the diseases
brought by the red tides.”

Research in Latin America and in other locations across the
world indicates the need to generate better scientific evidence
for the potential presence of algal bloom toxins. Therefore, it is
important to expand the existing monitoring of phytoplankton
along the coast of Ecuador, and to implement testing that allows
scientists to assess the presence, frequency, and levels of toxins
in wild shellfish through an integrated risk assessment of human
and coastal ecosystem health (Fleming et al., 2002; Heisler et al.,
2008; Berdalet et al., 2015; Van Dolah et al., 2016; Vila et al.,
2016; Torres, 2017). For the first time in Ecuador, we detected
the presence of toxins from domoic acid in samples of Anadara
tuberculosa in Santa Elena and Puerto Bolivar area (unpublished
data). These toxins can produce DSP and are produced by
a community of dinoflagellates (Grattan et al., 2016). Further
monitoring and toxins analysis in seafood is recommended as
part of a coastal monitoring program.

In regards to practices implemented by stakeholders to
address the dangers of red tide events, our results suggest
that while education within both subgroups contributed to a
greater understanding of the ecological processes of red tides,
personal experience of red tides and their impacts produced
greater motivation to enact preventative measures. Therefore, a

tailored training for emergency room staff, health promoters, and
coastal managers should be part of a future communication and
awareness program of HABs in Ecuador.

In the analysis on gender’s role in HAB risk perception,
results show that most women and men, independent of their
livelihoods, did not believe that they had been affected by red
tides (over 70%). Furthermore, it appeared that education, more
so than gender, was a relevant factor in affecting survey responses
within the group of authorities, as 60% were women with post-
secondary (high school or higher) levels of education. Educated
respondents identified climate change and nutrients as drivers of
red tides during the surveys.

A main limitation of this study was the exclusion of services
sectors like tour operators, hotel owners, permanent and seasonal
residents. Those stakeholders are also affected by HABs events;
interventions and preventive actions need to be considered for
these and other populations living on the coast. In addition,
may be a bias toward public interviewees versus institutional
agents; however, we consider the assessment of the perception of
public agents as a key step toward HABs policy development and
implementation. Future research on the perceptions of coastal
communities could include a more diverse stakeholders.

CONCLUSION

This study documents stakeholder’s perceptions regarding HABs
in a broad socio-cultural context in the Gulf of Guayaquil area.
Our findings revealed relevant social issues related to general
public awareness, risk perception, health and governance matters.
These findings will help to strengthen strategic planning, which
will contribute to the enhancement of current measures of
monitoring and limiting the potential negative impacts of HABs
on the population. The KAP surveys analyses demonstrate that
limited awareness on the health and economic implications
of HABs on coastal communities prevent authorities from
developing integrated strategies that establish protocols of action
for each sector. Communities are more concerned with the
aesthetic quality of the beach than health impacts, as the
display of red tides can detrimentally impact their tourism and
fishing activities. And fishermen who have identified adaptation
strategies to respond to HABs, do not think they are a problem to
their livelihoods.

In addition, this study highlights the need for an integrated
socio-ecological approach to face coastal hazards, which
include HABs, coastal pollution, and others extreme events.
Recommended future actions include: (a) a stakeholder
engagement processes to delineate measures of monitoring
coastal ecosystems and developing communication strategies
between sectors, (b) develop scientific evidence of the presence of
toxins by monitoring phytoplankton as well other indicators of
marine ecosystem health, and (c) a HABs education and outreach
program for public health practitioners, coastal managers, and
community groups that helps to raise awareness and reduce
potential public health and economic impacts during red
tide events. This study contributes to the understanding of
perceptions, cultural values, and perceived risks of HABs by key
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stakeholders, which can help define strategies and policies to
better manage HABs in the coastal zone of Ecuador.
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Abundance and Distribution of the
Potentially Toxic Thecate
Dinoflagellate Alexandrium
tamiyavanichii (Dinophyceae) in the
Central Mexican Pacific, Using the
Quantitative PCR Method
David U. Hernández-Becerril1* , Winnie L. S. Lau2, Kieng S. Hii2, Chui P. Leaw2,
F. Varona-Cordero1 and Po T. Lim2

1 Instituto de Ciencias del Mar y Limnología, Universidad Nacional Autónoma de México, Ciudad de México, Mexico,
2 Institute of Ocean and Earth Sciences, University of Malaya, Kuala Lumpur, Malaysia

Most of the toxic algal blooms in coasts of the Mexican Pacific are attributed to
planktonic dinoflagellates. Recently, some new records of dinoflagellates producers of
emergent toxins have been documented. The genus Alexandrium encompasses several
toxic species which produce saxitoxin. In this work, the abundance and distribution
of the potentially toxic species Alexandrium tamiyavanichii from coasts of the central
Mexican Pacific were studied, following the method of quantitative real-time PCR. During
the oceanographic cruise “MareaR IX” (19–30 April, 2017), carried out along coasts of
the Mexican Pacific, hydrographic, and environmental variables were measured, and net
and bottle samples were collected and preserved in modified saline ethanol buffer for
analysis in the laboratory. In order to perform the qPCR method, the molecular target
used was the ITS2 of the rDNA of A. tamiyavanichii. From 45 samples analyzed, 14
yielded positive results, showing the presence and abundance of the species in fixed
stations of Cabo Corrientes, Manzanillo and Acapulco, with low densities (less than
40 cells/m3), which is an evidence of the sensitiveness of the method. On the other
hand, chains of cells of the species were found in net samples, in stations where its
presence was detected by qPCR, confirming results by the method. General distribution
showed presence of the species in two zones where upwellings were detected, but not
at coastal stations, except in Acapulco where a more stratified water column was found.
Vertical distribution indicated that highest densities were found at subsurface layers, in
association with the chlorophyll a maxima (between 11 and 30 m depth). The results
show the importance of assessing the abundance and distribution of a species which
may be systematically monitored, and that the method of the qPCR may be very useful.

Keywords: Alexandrium tamiyavanichii, central Mexican Pacific, dinoflagellates, molecular tools, quantitative real
time PCR
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INTRODUCTION

The Mexican Pacific is a very large region which comprises
various different areas with particular climatic and oceanographic
conditions, including more temperate zones (e.g., western coasts
of Baja California) and subtropical and tropical zones (e.g., the
Gulf of California, the central Mexican Pacific and the Gulf
of Tehuantepec) (Fiedler and Lavín, 2006). The phytoplankton
composition may therefore be different within certain areas and
zones, and also during different seasons. The central Mexican
Pacific is considered a tropical region, which may also be divided
according to its hydrographic and oceanographic characteristics
as well as its seasonality (Kessler, 2006). In the zone of Cabo
Corrientes, upwellings have been detected to occur by spring,
whereas more to the south, other zones (e.g., close to Acapulco
and surroundings) show more stable conditions, with a more
stratified water column (Willett et al., 2006; Zamudio et al.,
2007).

Harmful algae blooms (HABs) have been historically
recorded along the coasts of the Mexican Pacific, most of
these events being caused by planktonic dinoflagellates, for
which responsible species have been usually well-recognized,
the most commonly recorded are Gymnodinium catenatum
and Pyrodinium bahamense (Hernández-Becerril et al., 2007),
whereas other dinoflagellate species considered harmful or
producing “emergent toxins” (for example Azaspiracid toxins or
Pinnatoxins) have been recently identified: Azadinium spinosum
and Vulcanodinium rugosum, although they have not been
reported to produce blooms or toxins as yet (Hernández-Becerril
et al., 2012, 2013).

Within the phytoplankton, one of the most important genera
with species known to form blooms and produce toxins [mainly
saxitoxins, which cause the Paralytic Shellfish Poisoning (PSP)] is
the thecate dinoflagellate genus Alexandrium Halim. A number
of works have reported blooms, toxin production, human
intoxications, economic losses in many places around the world
(e.g., Hashimoto et al., 2002; Beppu et al., 2008; Kon et al.,
2015; Mohammad-Noor et al., 2018). In the Mexican Pacific
the genus is represented by several species (Okolodkov and
Gárate-Lizárraga, 2006), some of them responsible for producing
blooms or toxins elsewhere. However, the species identification
has been a problem and little is known about the distribution of
toxic Alexandrium species in the central Mexican Pacific, apart
from coastal areas. Alexandrium tamiyavanichii was described
forming long chains (chains of 62 cells have been found), with
a particularly shaped first apical (1′) and anterior sulcal plates
(Sa), and a conspicuous and large pore at the posterior sulcal plate
(Sp), besides the apical pore complex (Po) (Balech, 1995), and it is
considered a toxic species producing saxitoxin and other toxins.
This species has been previously found and described in the
central Mexican Pacific (Esqueda-Lara and Hernández-Becerril,
2010).

However, observation of these cells under microscope
is tedious, time-consuming and requires trained personnel
in phytoplankton identification (Cembella and Taylor, 1986;
Steidinger and Moestrup, 1990). Therefore, systematic and rapid
manners are needed to provide more accurate information on

the potentially toxic phytoplankton species by using the advent
of molecular tools. Molecular-based species-specific assays, such
as the quantitative real-time PCR (qPCR), have proven to be
a reliable and rapid method for assessing and monitoring the
abundance and distribution of toxic phytoplankton species,
especially those of problematic identification, as those belonging
to the genus Alexandrium (Lim et al., 2007). For instance, qPCR
has been developed and implemented to study the distribution
of A. tamiyavanichii in the South China Sea-Sulu Sea (Kon et al.,
2015). Through this assay, it was found that A. tamiyavanichii is
highly abundant offshore of Kuching, southern Borneo with 150
cells L−1 (Kon et al., 2015).

In qPCR assays, a pair of good primers is important to
amplify the targeted DNA region. It enables amplification of the
targeted DNA region with no other unintended target regions
(Ye et al., 2012). The qPCR primer is usually designed with an
amplicon size of less than 150 bp (Arya et al., 2005; Arvidsson
et al., 2008; Ye et al., 2012). Other criteria in primer region
are: 18–30 nucleotide length, GC content of 40–60%, more
than one mismatches to non-target DNA or organism, melting
temperature of forward and reverse primer should be similar or
within 2◦C and improbable with formation of primer dimer or
heterodimer (Arya et al., 2005; Ye et al., 2012). On the other hand,
slope of the calibration curve used for absolute quantification
qPCR is in the range of −3.1 to −3.6, with the amplification
efficiency (AE) of 90–110% and the R2 greater than 0.99.

FIGURE 1 | Map of the study area, showing the fixed stations along transects
in five zones of the central Mexican Pacific.
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FIGURE 2 | (A,B) Vertical profiles of temperature and in situ fluorescence for stations 5-9 of the transect in Cabo Corrientes, respectively. (C,D) Maps of the
distribution of temperature and in situ fluorescence for stations 5-9 in Cabo Corrientes, respectively.

In this paper, we give an account of the abundance and
distribution of the toxic thecate dinoflagellate A. tamiyavanichii
from the central Mexican Pacific using a real-time quantitative
PCR (qPCR) assay.

MATERIALS AND METHODS

Study Area
This study was conducted in an area of the central tropical
Mexican Pacific, between 16◦ 20.421 and 20◦ 27.500 N,
and 100◦ 02.922 and 106◦ 15.052 W (Figure 1). This area
sustains a great diversity of organisms and important pelagic
fisheries, with different mechanisms of natural fertilization
such as mesoscale phenomena (plumes and eddies) and
upwellings, and shallow thermoclines reducing stratification
and keeping relatively high phytoplankton biomass values
(López-Sandoval et al., 2009). The area is located within
an oxygen minimum zone (Paulmier and Ruiz-Pino, 2009;
Ulloa et al., 2012), and some hydrographic features might
affect the vertical distribution of biological properties such as
chlorophyll a.

Data and samples were measured and collected during the
oceanographic cruise “MareaR IX,” carried out 19–30 April, 2017,
on board the Research Vessel “El Puma,” considering five zones:
Cabo Corrientes (stations 1-14, X2, X3), Manzanillo (stations 17,
20a-24), Maruata (stations 25, 28a-32), Lázaro Cárdenas (stations
33-38a), and Acapulco (stations 41-46a) (Figure 1). There are
additional intermediate stations (15, 16, BA, and PG), but only
stations in perpendicular transects were sampled (5-9, 20a-23,
28a-31, 34-38a, 42-46a) (Figure 1).

Hydrographic Data and Water Sampling
Forty-one fixed stations were visited during the cruise (Figure 1)
to obtain hydrographic data (temperature, salinity, dissolved
oxygen) in vertical profiles, using a CTD (Seabird SBE 911 PLUS),
fitted with an additional sensor for fluorescence (WET Labs
ECOAFL/FL), and water samples. Transects perpendicular to
the coastline of five stations were set for each of the five zones
(Figure 1). For this study, water samples were collected with
Niskin bottles of 10 L, from nine stations, at five depths, according
to the in situ fluorescence (chlorophyll a) maximum layers or
peaks: 1 L per sample was filtered through nylon membrane
filters (47 mm diameter, 0.2 µm) filters with a vacuum pump.
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FIGURE 3 | (A,B) Vertical profiles of temperature and in situ fluorescence 20a-23 of the transect in Manzanillo, respectively. (C,D) Maps of the distribution of
temperature and in situ fluorescence 20a-23 in Manzanillo, respectively.

Each filter was kept in 10 mL of modified saline ethanol solution
into a 15 mL sterile centrifuge tubes and stored at −20◦C until
analysis (Miller and Scholin, 1998). Additionally, net (54 µm
mesh) samples were obtained at all 41 stations, following vertical
hauls from 120 m to surface or depending on the depth of the
stations. The net samples were observed under the microscope.

Laboratory Analysis
Environment DNA Extraction
One milliliter of saline ethanol-preserved samples was transferred
into 1.5 mL centrifuge tube and harvested the cells pellet by
centrifugation (200 × g, 10 min), followed the removal of the
saline ethanol supernatant from the cell pellet. The cell pellet
was rinsed with 1 mL of TE buffer (Tris 1 M, EDTA 0.5 M, pH
8) and cells were spun again (200 × g, 10 min). Environmental
DNA (eDNA) of the samples was extracted by using DNeasy R©

Plant Mini Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instruction as described in Kon et al. (2015). The
eDNAs were kept at−20◦C until further analysis.

qPCR Assay for Alexandrium tamiyavanichii Cell
Quantification
Real-time quantitative PCR (qPCR) assay of A. tamiyavanichii
quantification of Kon et al. (2015) was employed in this study
for the detection and quantification of A. tamiyavanichii. Prior

to qPCR, specificity of the species-specific primers and probe
(TamiaiiF, TamiaiiR, and Tamia-probe; Kon et al., 2015) were
confirmed by DNA sequencing of the amplicons.

The qPCR assay was performed using an Applied Biosystems R©

7500 Fast Real-time PCR system (Applied Biosystems, Life
Technologies, Austin, TX, United States). The 20 µL-reactions
contained 1× Taqman R© Fast Advanced Master Mix (Applied
Biosystems), 200 nM of Taqman R© hydrolysis probe, 300 nM of
each forward and reverse primer and 2 µL of eDNA template. The
reaction consisted of a holding stage at 50◦C for 2 min and 95◦C
for 20 s, followed by 40 cycles of 95◦C for 3 s and 60◦C for 30 s.
All samples were run in triplicate. Each qPCR run included a no-
template control and a positive control. The threshold cycle (Cq)
was determined from the exponential phase of all amplification
plots using the default settings. qPCR in this study was conformed
to the MIQE guidelines (Minimum Information for Publication
of qPCR Experiments; Bustin et al., 2009).

The calibration curve of DNA in this study was constructed
using the gBlock R© synthetic gene fragment (Integrated DNA
Technologies, Coralville, IA, United States) of the ITS2 rDNA
of A. tamiyavanichii. The synthetic gene fragment was diluted
into a 10-fold serial dilution (1 × 102–108 copies) as templates
in qPCR run. Each reaction was performed in triplicate.
The calibration curve was constructed based on the triplicate
Cq values against the log-transformed copy numbers; linear
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FIGURE 4 | (A,B) Vertical profiles of temperature and in situ fluorescence for stations 42-46a of the transect in Acapulco, respectively. (C,D) Maps of the distribution
of temperature and in situ fluorescence for stations 42-46a in Acapulco, respectively.

regression was performed onto the calibration curve to determine
the R2 value and slope. AE was calculated as AE = [10(−1/slope)

−1]× 100%.
Gene copies number of the A. tamiyavanichii ITS2 rDNA

in each eDNA sample was defined based on the slope of
simple linear regression of the calibration curve, followed by
quantification of the number of cells based on the ITS2 copy
numbers per A. tamiyavanichii cell of 527,835± 7617 ITS2 copies
cell−1 as described in Kon et al. (2015).

Microscopic Identification
Microscopic species identification was made by calcoflour white
staining on the thecal plates of dinoflagellates and observed
under an inverted microscope (Olympus IX51, Tokyo, Japan),
equipped with a mercury lamp and a UV filter set, at 400–
1000X magnification. Species identification was confirmed once
the distinctive morphological features of A. tamiyavanichii were
observed, and microphotographs were taken of the cells and
chains found in the samples. These features include an oblique
posterior margin of the first apical plate (1′), a triangular to
trapezoid-shaped of precingular part of the anterior sulcal plate
(Sa), a characteristic apical pore complex (Po), and a longer than
wide posterior sulcal plate (Sp) with a large pore.

Data Analysis
Sampling map and graphic interpolations were generated
using Ocean Data View (version 4.7.10) with the DIVA
algorithm for variable resolution in a rectangular grid (Schlitzer,
2016). Vertical profiles of environmental variables were
made with the STATISTICA 10 software (StatSoft, Inc.)
and principal component analysis (PCA), using abiotic and
biotic data (abundances and fluorescence) as quantitative
variables and transect name as qualitative supplementary
variables, was made with XLSTAT 2018.5 (Base version,
Addinsoft).

RESULTS

Hydrography and Oceanographic
Conditions
In April, 2017, general hydrographical conditions along the
Pacific coast showed a conspicuous thermal gradient from the
north zone (Cabo Corrientes) toward south zones (Acapulco).
Surface water was colder (about 21.3◦C) in the coastal station
(St 5) in Cabo Corrientes, than at the coastal station (St 42) in
Manzanillo, where temperature reached 27.5◦C (Figures 2A,C,
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FIGURE 5 | Calibration curve of the cycle threshold (Cq) constructed using
the synthetic gene fragment of Alexandrium tamiyavanichii ITS2 rDNA. Error
bars show the standard deviations from the triplicate amplifications.

3A,C). We also noted shallower thermoclines in Cabo Corrientes,
where they were located below 20 m depth, whereas thermoclines
were deeper (up to 30 m) in Manzanillo and Acapulco
(Figures 3A,C, 4A,C). Values and distribution of salinity did not
change considerably and they are not shown.

Most subsurface fluorescence (chlorophyll a) maxima (SCM)
were located above the main thermoclines in the zone of Cabo
Corrientes, except at the most oceanic station (St 9), where this
layer was detected lower (37 m depth), with very high values
(more than 20 mg m−3), probably as result of a coastal upwelling
(Figures 2B,D), whereas in the other zones (Manzanillo and
Acapulco) only two stations (St 22 and 23) showed SCM
above the main thermoclines, as they were located below the
thermoclines (Figures 3B,D, 4B,D). Values of the chlorophyll a
in the coastal areas were less than 4 mg m−3.

Deeper (80–90 m depth) chlorophyll a maxima (DCM) were
also found at stations 6 and 9, but due to the scales used they
are not very conspicuous (Figures 2B,D). Vertical distribution
of chlorophyll a was more variable in Manzanillo, where SCM
were located above the thermoclines at the most inshore stations
(Sts 22 and 23), whereas the rest of stations (21, 20, and 20a)
these maxima were found lower (30–48 m depth), with the
highest concentration at station 21 (more than 6 mg m−3)
(Figures 3B,D). At station 42 (Acapulco) only a SCM was found,
located at 20 m depth (Figures 4B,D). DCM were also detected
in almost all stations, except coastal stations, from 90 to 120 m
depth, and concentrations just lower than 2 mg m−3 (Figures 2D,
3D, 4B,D).

Oceanographic conditions of the zones where
A. tamiyavanichii was detected, indicated a conspicuous

ascent of colder water toward inshore locations (St 5 in Cabo
Corrientes and St 23 in Manzanillo), which was more evident in
Cabo Corrientes than in Manzanillo (Figures 2C, 3C), whereas
in the Acapulco zone, the coastal station (St 42) showed a
more stratified condition (with the main thermocline located
at 26 m depth) (Figures 4A,C). The isotherms of 22.5◦C
raised close to coast in the zones of Cabo Corrientes and
Manzanillo, strongly suggesting the occurrence of upwellings
(Figures 2C, 3C).

Alexandrium tamiyavanichii Abundance and
Distribution
The linear dynamic range of seven-order magnitudes (102–108

copies) showed AE of 94.2% and slope of −3.47 (R2 = 0.99),
Y-intercept was 43.86 (Figure 5). We have obtained 45 samples
for this study, from which only 14 yielded positive results,
at two stations in Cabo Corrientes, two in Manzanillo and
one in Acapulco, with cell densities ranging from 35 to
25,180 cells m−3 (Figures 6A–C and Table 1). Alexandrium
tamiyavanichii cell densities were low in general (less than
30 cells L−1) (Table 1). Overall cells abundance of A.
tamiyavanichii increased in the order of Cabo Corrientes, St
7 > Manzanillo, St 22 > Acapulco, St 42 > Manzanillo, St
23 > Cabo Corrientes St 8 (Table 1). The higher abundances
(25,180 cells m−3) of A. tamiyavanichii were located at an
intermediate, more oceanic station (which has more than 2000 m
depth), not in a coastal area, at St 7 in the Cabo Corrientes
zone.

Regarding the vertical distribution of the species, we detected
a maximum abundance layer associated with the SCM (about
15 m) in Cabo Corrientes, with a cell density of 25,180 cells
m−3 (Table 1), whereas in Manzanillo the maximum cell density
was found close to the surface (5 m depth), and the lowest cell
densities were detected at Acapulco, St 42 with the depth of
18 m (35 cells m−3) (Figures 6A–C and Table 1). Cells of A.
tamiyavanichii were detected as deep as 150 m depth (40.61 cells
m−3) only at St 7, Cabo Corrientes (Table 1).

Additionally, cells of A. tamiyavanichii were also identified
in one of the positive result sample. The cells have also
been confirmed with light microscopy (LM) and fluorescence
microscopy, with the addition of calcofluor (Figures 7A–C). This
fact has confirmed the reliability of the results obtained from the
qPCR assay in this study.

Statistical Analysis
In accordance with the PCA, temperature, depth, salinity and
dissolved oxygen explained 94.14% of the variability (Figure 8).
Temperature and oxygen correlated positively with the first
component and negatively with salinity and upwelling index
which reflects the influence of cold water, while the second axis
correlated positively with the upwelling index. Fluorescence and
A. tamiyavanichi abundances correlated positively with the first
components which suggest its preference for warmer waters and
more light. Due to the influence of temperature and dissolved
oxygen, samples from Manzanillo and Acapulco were closer than
Cabo Corrientes.

Frontiers in Marine Science | www.frontiersin.org 6 October 2018 | Volume 5 | Article 36652

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-05-00366 October 10, 2018 Time: 14:47 # 7

Hernández-Becerril et al. Toxic Dinoflagellates in Mexican Pacific

FIGURE 6 | Vertical distribution of Alexandrium tamiyavanichii cell densities (cells m−3) in three transects. (A) Cabo Corrientes; (B) Manzanillo; (C) Acapulco.
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DISCUSSION

Due to the importance of species of the genus Alexandrium
producing toxins in the marine phytoplankton, the diversity
and taxonomy of the genus has been dealt with by various
authors (Ogata et al., 1990; Balech, 1995; Usup et al., 2002a,b;
Mackenzie et al., 2004; Nguyen and Larsen, 2004; Lim et al.,
2007), and several works have followed the use of molecular
tools to assess the Alexandrium species presence and distribution
around the world oceans (Scholin et al., 1994, 1995; Galluzzi
et al., 2004; Menezes et al., 2010; Nagai, 2011; Kon et al.,
2015).

This is the first report of the abundance and distribution of
A. tamiyavanichii in the Mexican Pacific, as well as the use of
qPCR to asses these characteristics. We were able to detect cell
densities of the species as low as less than 30 cells L−1. The highest
abundance (25,180 cells m−3) of A. tamiyavanichii was located
at an intermediate, fairly oceanic station (St 7, which is more
than 2000 m deep), coinciding with the SCM (12 m depth), in
the Cabo Corrientes zone, not in more coastal stations, such as
it occurred in the other two zones, Manzanillo and Acapulco,
where the species was present in detectable cell densities at more
coastal areas, close to the surface. Only in that sample (St 7, at
12 m depth) was the limit of A. tamiyavanichii cell density (20–
40 cells L−1) surpassed, where toxin (saxitoxin) concentration,
causing PSP, represents a threat for human health for shellfish
consumption (García et al., 2004).

There is a considerable variation in abundances of A.
tamiyavanichii among the three transects (e.g., Cabo Corrientes,
Manzanillo, and Acapulco), showing a heterogeneous
distribution in the gradient coast to ocean, and also in the
vertical distribution (Figures 6A–C). No cells were detected
in the remote stations from the coast, mostly oceanic, in all
the three transects (e.g., offshore, such as St 9, 20a, and 46a)
(Figures 6A–C). The highest density of the species coincided
with the subsurface chlorophyll maximum layer in St 7, in
Cabo Corrientes zone (Figures 2B,D, 6A and Table 1), and
also a considerable number of cells (19,218 cells m−3) of A.
tamiyavanichii was found close to the surface (5 m depth) at
St 22, in Manzanillo, almost coinciding with the subsurface
chlorophyll maximum layer (between 5 and 10 m depth)
(Figures 3B,D, 6B and Table 1). In St 42 (Acapulco) there was
no coincidence of the highest density of the species and the SCM
(Figures 4B,D, 6C).

We may speculate that the distribution of the species
corresponds to two possible explanations: (1) the cells of A.
tamiyavanichii were transported off the coast, far from the coastal
area, by physical forcing, for in this zone (Cabo Corrientes)
an upwelling was detected, most possibly induced by winds,
or (2) the species was able to maintain high cell densities in
environmental conditions (e.g., a more stratified water column)
which were more favorable for its ecological requirements,
because in the other stations where the species was detected,
the oceanographic conditions were more stable along the water
column.

To explain the first hypothesis, we found that prior to the start
of sampling in Cabo Corrientes an intense period of upwelling

occurred (April 5–17, Bakun index CUI = 109 m3 s−1 100 m−1),
which gradually decreased toward the end of the cruising
(April 25, CUI = 40 m3 s−1 100 m−1), when satellite
and in situ chlorophyll measurements were the lowest in
Acapulco (<1.6 mg m−3, Supplementary Figure S1). This strong
upwelling event, prior to the cruise, may explain the isotherms
elevation in the Cabo Corrientes area and the displacement of the
warmer water mass off the coast (>25◦C, stations St8 and St9),
and the local shoaling of the Subtropical Subsurface Water
(StSsW) (Fiedler and Talley, 2006), opposite to the oceanographic
conditions occurring in Acapulco, where upwelling was weak
at the time of sampling; coastal upwelling events have been
previously documented for the coasts of Colima and Michoacán
(Davies et al., 2015) and at the entrance of the Gulf of California
and Cabo Corrientes (Pelayo-Martínez et al., 2017).

The second hypothesis assumes a combination of
physiological characteristics, such as mobility, photosynthesis
and cyst production, and environmental features (e.g., small-scale
physical turbulence) which are found in the St 42 in Acapulco
(Figures 4A,C). It has been reported that the distribution of
toxic and non-toxic Alexandrium species, in other areas of the
world, does not overlap (Anderson et al., 2012), which partially
explains why only in some sites of the current study area, A.
tamiyavanichii was detected.

TABLE 1 | Cell abundances of Alexandrium tamiyavanichii found in samples of the
central Mexican Pacific by using qPCR assay.

Station Depth (m) Cell density (cells L−1) (cells m−3)

7 5 0.47 475.83

12 25.18 25,179.8

30 1.74 1,739.18

70 0.062 61.89

150 0.041 40.61

8 5 — —

11 0.11 110.36

18 0.046 45.78

45 0.04 39.54

75 — —

22 5 19.22 19,218.1

15 — —

50 — —

109 — —

150 — —

23 5 0.4 397.24

15 0.15 145.02

30 — —

50 — —

42 5 1.38 1380

10 0.232 232.16

18 0.035 35.35

24 — —

28 — —

Stations, depths, and abundances (both in cells L−1 and cells m−3) are indicated.
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FIGURE 7 | Micrographs of Alexandrium tamiyavanichii in fluorescent microscopy showing some distinctive morphological characters. (A) Ventral view of a cell with
the first apical plate (1′), the first and sixth precingular plate (1′ ′ and 6′ ′, respectively), and the anterior sulcal plate (Sa); the arrow points to the ventral pore. (B) Apical
view showing the apical pore complex (Po) and the first apical plate (1′). (C) Antapical view with the posterior sulcal plate (Sp) and its large pore (arrowed).

FIGURE 8 | Principal component analysis (PCA) biplot (variables and samples) of the two first components from data of environmental and biotic variables of the
central Mexican Pacific. Circles represent the samples and squares are the centroids for qualitative variables. CC, Cabo Corrientes; BMS, Manzanillo; and ACA,
Acapulco transects.

Statistical analyses support the visual relationships (Figure 8)
and coincidence between the fluorescence (chlorophyll a) highest
values and the highest A. tamiyavanichii abundances in Cabo
Corrientes (Figures 2B,D, 6A), and also the relationships
with other environmental features such as temperature and
dissolved oxygen, and induce to consider some preferences in
environmental conditions the species may have: more stratified

water column. At St 7, low abundances (40.61 cells m−3) of A.
tamiyavanichii were yet detected, deeper into the water column,
up to 150 m depth (Table 1).

The cell densities of A. tamiyavanichii found in this study
are comparable (e.g., the same magnitude order) to numbers
reported in a different area, with a similar irregular distribution
(regarding horizontal and vertical distribution), following the
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same study method (Kon et al., 2015). Additionally, similar
genetic structures are to be interpreted in populations found
in various localities in waters of Malaysia and the populations
studied in this work, for we pursued the same protocol.

It is plausible to consider that Alexandrium species may
become an important component of the phytoplankton
community in the Mexican Pacific, with the possibility of
increasing their populations or expanding their geographic
distribution, although until now there are not many reports
of blooms or toxic episodes of the species of the genus
(Hernández-Becerril et al., 2007). The use of molecular tools
may improve our knowledge of the biodiversity and taxonomy
of the phytoplankton in the Mexican Pacific, and aims the rapid
and systematic reports of species involved in harmful events.
The sensitivity of the method followed in this paper proved to
be adequate for assessing the presence and distribution of A.
tamiyavanichii.
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In late October and early November 2013 and 2017, hundreds of sea turtles were

found dead along the Pacific coastline of El Salvador. The dead turtles were in good

body condition and did not have any injuries or other major anomalies. In order to

determine the role of paralytic shellfish toxins (PST) in this mass mortality, tissue samples,

including blood, flipper, liver, kidney, stomach and intestinal contents, of dead green

turtles (Chelonia mydas) and olive ridley turtles (Lepidochelys olivacea) were analyzed for

PST using a radioactive receptor binding assay, enzyme-linked immunosorbent assay,

and high performance liquid chromatography. Highest values of PST were detected in

enteric contents in the 2013 event (7,304.1 µg STX eq kg−1) and in gastric contents

during the 2017 event (16,165.0 µg STX eq kg−1). During these events, remotely-sensed

chlorophyll-a and fluorescence line height imagery revealed anomalies suggestive of algal

blooms off the coast of El Salvador. In the 2017 event, Pyrodinium bahamense was

observed in samples of gastrointestinal contents from affected sea turtles. Seawater from

the region where dead sea turtles were found was also analyzed, but saxitoxin-producing

species were found in low abundance (5400 cell/L in 2013 and 672 cell/L in 2017), which

may reflect limited sampling. Although threshold levels of toxicity in sea turtle species are

not well-characterized, our evidence suggests that these large events were the result

of PST-producing algal blooms and that these blooms are a major cause of sea turtle

mortality in this region.

Keywords: sea turtle, paralytic shellfish poisoning, saxitoxin, receptor binding assay, HABs

INTRODUCTION

Harmful algal blooms (HABs) negatively affect not only human health, but also that of marine
ecosystems. These effects include hypoxia/anoxia events, decreased water clarity, and altered
feeding behavior and toxicosis of marine fauna (Zingone and Enevoldsen, 2000). Toxin-producing
algal blooms are recurrent off the coast of El Salvador and are predominately paralytic shellfish
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poisoning events, which are produced by several paralytic
shellfish toxin (PST)-producing dinoflagellates, such as
Pyrodinium bahamense var. compressum, Gymnodinium
catenatum, and Alexandrium spp. These events have caused
human intoxication and death, as well as mortality of marine
fauna (Espinoza et al., 2013). Globally, exposure to PST toxins
has been associated with mortality of marine mammals (Geraci
et al., 1989; Van Dolah et al., 2003; Lefebvre et al., 2016), sea
birds (Shumway et al., 2003; Shearn-Bochsler et al., 2014),
estuarine turtles (Hattenrath-Lehmann et al., 2017), and sea
turtles (Maclean, 1975; Licea et al., 2008).

Four of the seven sea turtle species found in the world
nest or forage in El Salvador and its waters. All species are
considered vulnerable, endangered, or critically endangered by
the International Union for the Conservation of Nature (IUCN,
2018) Red List. In 2005, over 200 sea turtles, including green
turtles (Chelonia mydas) and olive ridley turtles (Lepidochelys
olivacea), were found dead along the coast of El Salvador. The
mortality event was attributed to PST based on concentrations
found in brain samples which were as high as of 6278.0 µg
STX eq kg−1 (Licea et al., 2008). Additionally, in 2010 two
hawksbill turtles (Eretmochelys imbricata) were found dying after
a Pyrodinium bahamense bloom. One of the turtles was found
with 1212.5 µg STX eq kg−1 in brain tissue, and both individuals
had diarrhea and exhibited erratic swimming, disorientation, and
reduced activity (Licea et al., 2013). However, the limited toxin
analytical data prevented confident attribution of clinical signs to
PSP (Licea et al., 2013).

Two additional large sea turtle mortality events occurred
in El Salvador waters in recent years. In early October 2013,
the Ministry of Environment and Natural Resources (MARN)
received a report from fishermen of dozens of dead sea turtles
floating far from the coast, drifting northwest. In a subsequent
report, 40 dead sea turtles were found on beaches of La Paz and La
Libertad during September and October, and an undetermined
number on beaches in Usulután. On October 28th, 2017, an
estimated 400 dead sea turtles were found floating approximately
12 miles off the coast of Bahía de Jiquilisco. In the following
days, 160 turtles were observed around 7 miles off the coast of
Puerto Parada, of which 60% were L. olivacea and 40% were
C. mydas. Between November 3rd and 6th, another 47 sea
turtles were found floating off the coast of Usulután and La
Paz and 25 L. olivacea individuals were detected 10 miles off El
Cordoncillo in La Paz. No other dead marine organisms were
observed during either event. The turtles were in good nutritional
condition based on muscle mass and body fat and did not have
any apparent injuries or other abnormalities to explain the cause
of death.

PST-producing HABs were again suspected and samples of
tissues, gastrointestinal contents, and seawater were collected for
biotoxin analysis and phytoplankton identification. In addition,
data collected by satellite (MODIS-Aqua) were reviewed for
evidence of possible algal blooms. Herein, we report the results
of these analyses as evidence that both mortality events were
caused by PST exposure, demonstrating that PST-producing algal
blooms are a substantial cause of sea turtle mortality in the
region.

METHODS

Paralytic Shellfish Toxins Analyses
Tissue samples from C. mydas and L. olivacea were collected by
the MARN from different sites along the coast during stranding
events in 2013 and 2017 (Figure 1) and analyzed for PST at

three different laboratories. In 2013, stomach, intestines, liver

and kidneys were taken from 13 C. mydas that stranded in El
Amatal-Toluca, San Diego, and El Pimental were analyzed by

Laboratorio de Toxinas Marinas at the University of El Salvador

(LABTOX-UES); 24 samples consisting of brain, enteric content,
kidney, liver, and salt gland were analyzed by the International

Atomic Energy Agency (IAEA) Environment Laboratories in
Monaco; and 7 samples consisting of enteric contents, liver,

kidney, and lung from 5 C. mydas that stranded in El Amatal
and El Pimental and one L. olivacea that stranded in Barra
de Santiago, were analyzed by the Florida Fish and Wildlife
Conservation Commission, Fish and Wildlife Research Institute
(FWRI). CITES export and import permits were obtained for all
samples exported to the U.S.

In the 2017 event, 25 samples consisting of whole blood,
serum, soft tissue from flippers from 23 C. mydas, and liver
and intestinal contents from one L. olivacea were analyzed by
LABTOX-UES. Additionally, 28 samples consisting of sea turtle
liver, stomach contents, and enteric contents from 14 C. mydas
and one L. olivacea were analyzed by FWRI.

Samples were analyzed for PST at LABTOX-UES and IAEA
Environment Laboratories using a receptor binding assay (RBA)
that is the AOAC official method of analysis (OMA-2011-27)
(Amaya et al., 2012; Van Dolah et al., 2012; Dechraoui Bottein
and Clausing, 2017). Briefly, the RBA measures competition
between a radiolabeled 3H-STX and the PSTs present in
samples for binding to voltage gated sodium channels in brain
membrane preparations. The quantification is obtained against
a standard curve generated using increasing concentrations of
unlabeled STX reference material (S. Hall, United States Food
and Drug Administration/Center for Food Safety and Applied
Nutrition, Washington, DC). Toxin concentration is reported
as micrograms of STX equivalents per kilogram of sample (µg
STX eq. kg−1). The assay format described in the present study
provides quantitative determination of the compound toxicity
of PST in turtle extracts using a MicroBeta Trilux 1450 LSC
PerkinElmer with 96-well microplate. For analyses conducted by
LABTOX-UES, detection limits were 150 µg STX eq. kg−1 in
2013 and 70 µg STX eq. kg−1 in 2017.

FWRI analyzed samples for PST using two methods, enzyme-
linked immunosorbent assay (ELISA) and high performance
liquid chromatography (HPLC). Some changes in laboratory
methodology occurred between 2013 and 2017. Frozen samples
were completely thawed and homogenized before sub-sampling.
To extract PST, 0.1M HCl was added at a ratio of 1:1 (w:v) in
2013 or 1:10 (w:v) in 2017. The mixture was adjusted to pH 2.5-4,
boiled for 5min in a water bath, and then centrifuged at 3,000 ×
g for 20min. The supernatant was retained.

Samples from the 2013 event were analyzed for PST
using HPLC with pre-column oxidation and fluorescence
detection (Lawrence and Niedzwiadek, 2001) only. The HPLC
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FIGURE 1 | Location of sea turtle strandings in 2013 and 2017 and phytoplankton sampling locations in 2017.

system consisted of a Shimadzu (Tokyo, Japan) chromatograph
equipped with an SCL-10A VP controller, LC-10 AD pump, SIL-
10AF autosampler, CTO-10AS VP column oven, and RF-10A XL
fluorescence detector. Sample clean-up and PST separations were
performed as described in Lawrence and Niedzwiadek (2001).
Certified reference standards of STX, NEO, dcSTX, B1, GTX
1/4, GTX 2/3, dcGTX-2/3, and C1/2 (National Research Council,
Canada) were used for instrument calibration. Detection limits
varied for each congener, ranging between 6 and 18 ng mL−1

extract and 12–36 µg kg−1 tissue. Total HPLC-FL results are
expressed as STX equivalents calculated using experimentally
derived toxicity factors for each congener (Oshima, 1995).

In 2017, sample extracts were first screened using the Abraxis
Saxitoxin (PSP) ELISA. All extracts were diluted with provided
sample diluent to 0.01 g tissue equivalent per ml or less prior
to loading on the plate. The Abraxis Saxitoxin (PSP) ELISA is
a direct competitive ELISA specific to STX, with recognition
of other PST to varying degrees. All samples and standards
were run in duplicate wells, and the plate was analyzed at
a wavelength of 450 nm on a BioTek µQuantTM microplate
spectrophotometer. The kit is calibrated using STX, and results
are expressed as STX equivalents. The limit of detection for the
ELISA as performed was 2 µg STX eq. kg−1. Toxin confirmation
and characterization were obtained for a subset of sample extracts
using HPLC-FL as described above. Liver samples selected for
HPLC confirmation were re-extracted at a ratio of 1:1 (w:v) to
yield a more concentrated sample extract.

Phytoplankton Analyses
Sampling campaigns were carried out to monitor toxic
microalgae during both mortality events. In 2013, samples were
taken in La Libertad and Acajutla in October 15th and 16th. In
2017, samples were taken on November 7th 2017, at Los Cóbanos
(Figure 1). This site was selected because the Ministry of the
Environment and Natural Resources received reports of sea turtle
stranding in the central and west coast of El Salvador, after the

dead sea turtles were located floating in Bahía de Jiquilisco.Water
samples were collected at five points along a 15 nautical mile
transect perpendicular to Los Cóbanos coastline. Samples for
phytoplankton quantification were collected using a Niskin bottle
and using a phytoplankton net.

Phytoplankton abundance was estimated using an inverted
microscope, following the Utermöhl method (Utermöhl, 1958).
Additionally, in the 2017 event, intestinal contents of one L.
olivacea and one C. mydaswere screened for the presence of toxic
microalgae using an inverted microscope by LABTOX-UES; and
two gastric and two enteric contents were examined by FWRI
using light microscopy.

Satellite Imagery Analyses
We examined corresponding chlorophyll-a (Chl) and normalized
fluorescence line height (NFLH) imagery to visualize the
approximate location and spatiotemporal extent of a potential
algae bloom. The NFLH imagery provide an alternative source
of imagery that is capable of detecting blooms but is less sensitive
to interference by non-algal substances common in coastal waters
(e.g., dissolved organic matter; Hu et al., 2005).

RESULTS

Paralytic Shellfish Toxins Analyses
During both events, PST were detected in most sample types
from all sea turtles. Out of the 75 tissue samples analyzed,
63 were positive for PST and 12 were below the detection
limits (Figure 2). Those samples that were below detection limits
included heart and fat, and well as blood, serum, and flipper soft
tissue sampled during 2017.

Highest PST concentrations were detected in enteric contents
in the 2013 event (7304.1 µg STX eq. kg−1 using RBA method)
and in gastric contents during the 2017 event (16165.0µg STX eq.
kg−1 using ELISA) (Table 1). Both values were found in C. mydas
individuals. In general, PST concentrations found in 2017 were
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FIGURE 2 | PST concentration (µg STX eq. kg−1) in sea turtles (C. mydas and L. olivacea) per sample type from both 2013 and 2017 mortality events.

higher than those found in 2013. PST concentrations in tissues
from brain, lung and salt glands were generally lower, ranging
from 94.1 (RBA) to 136.0 µg (HPLC-FL) STX eq. kg−1 (n = 6)
(Figure 1). Particularly in the brain, the concentration was 111.1
µg STX eq. kg−1.

During 2013 event, minimum PST concentrations were found
in C. mydas intestinal contents with 18.8 µg STX eq. kg−1; while
in 2017, minimum PST concentration were found in C. mydas
liver with 4.0 µg STX eq. kg−1.

Ten of the samples analyzed at FWRI in 2017 were selected
for HPLC-FL analysis, and the presence of PST was confirmed
in all 10 samples. Of the PST monitored for (STX, NEO, dcSTX,
B1, GTX 1/4, GTX 2/3, dcGTX-2/3, and C1/2) only STX, B1, and
dcSTX were detected (Table 2). The toxin profile was dominated
by STX, which represented 63–82% of the toxin present. B1
accounted for 14–33%, and dcSTX was present at low levels
(0–7% of the total).

Phytoplankton Analyses
The most abundant potential producer of PST found in the
phytoplankton samples from 2013 was Gymnodinium catenatum
(5,400 cells L−1) in Acajutla. Other PST-producing species were
detected in low abundance, such as Pyrodinium bahamense and
Alexandrium monilatum (Table 3). During 2017, Alexandrium
sp. was the only potential PST-producing microalgae detected
in water samples from Los Cóbanos, with a low abundance of
672 cell per liter. The most abundant phytoplankton species
found in the area were the diatomsDactyliosolen fragilissimus and
Pseudo-nitzschia spp., with 110,235 cell L−1 and 4,033 cell L−1,
respectively (Table 3).

In contrast to the water samples, microscopy of
gastrointestinal contents of dead turtles from 2017 found
Pyrodinium bahamense cells and thecae in gastric and enteric
contents from two C. mydas. No PST-producing dinoflagellates
were found in the enteric contents of an additional C. mydas and
one L. olivacea, but whole cells of Planktoniella sol, Scrippsiella

trochoidea, and Prorocentrum compressum were found in low
abundance.

Satellite Imagery Analyses
During early September 2013, a potential dinoflagellate bloom
was present off the western coast of El Salvador (Figures 3A,B).
Another suspect bloom appeared during mid-September 2013
along the central coast (Figures 3C,D) and persisted through the
end of the month (Figures 3E,F).

Throughout October 2017, a potential dinoflagellate bloom
was present off El Salvador’s central coast (Figure 4). In addition,
a potential offshore bloom appeared to the south of the central
coast during late October (Figures 4C,D).

DISCUSSION

Previous sea turtle mass mortality events suspected to be caused
by PST-producing dinoflagellate blooms have been reported on
the Pacific coast of Mexico and Central America, and in Papua
New Guinea; however, very limited information about these
events is available (Maclean, 1975; Licea et al., 2008, 2013; Meave
del Castillo et al., 2008).

There are significant challenges associated with investigating
sea turtle mortality events in many regions of the world,
including the remote nature of many coastal areas, limited
logistical resources, and inevitable delays between initial
observations and response to reports. Although our sample
size and some aspects of our data reflect these challenges, we
were able to characterize two relatively large sea turtle mortality
events in El Salvador and provide evidence that exposure to PST
was the most likely cause. This evidence includes postmortem
findings consistent with acute toxicosis, detection of relatively
high concentrations of PST in gastrointestinal contents and
tissues, observation of PST-producing dinoflagellates within
gastrointestinal contents, and remote-sensing data suggestive of
dinoflagellate blooms concurrent with sea turtle mortality.
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TABLE 1 | Maximum PST concentrations for each sample type using Receptor Binding Assay, HPLC-FL and ELISA in sea turtle tissues from 2013 and 2017 mortality

events.

Year Location Species Sample type µg STX eq. kg−1 References

2005-2006 El Salvador Lepidochelys olivacea Not specified 6278.0*** Licea et al., 2008

2010 Jiquilisco Bay, El Salvador Eretmochelys imbricate Not specified 1,212.5*** Licea et al., 2013

2015 Flanders Bay,

USA

Malaclemys terrapin Heart 125.0*** Hattenrath-Lehmann et al., 2017

2013 El Pimental,

El Salvador

C. mydas Enteric content 7,304.1* This study

El Pimental,

El Salvador

C. mydas Liver 3,635.4*

San Diego,

El Salvador

C. mydas Stomach 1,515.3*

El Pimental C. mydas Kidney 977.4*

Barra de Santiago,

El Salvador

L. olivacea Brain 111.1*

El Pimental C. mydas Salt gland 94.1*

El Amatal-Toluca,

El Salvador

C. mydas Lung 136.0***

2017 Sihuapilapa,

El Salvador

C. mydas Gastric content 16,165.5** This study

El Zonte,

El Salvador

C. mydas Enteric content 11,418.6**

Sihuapilapa,

El Salvador

C. mydas Liver 706.1***

*RBA, **ELISA, ***HPLC. DL, detection limit.

TABLE 2 | Results of analysis for saxitoxin (STX) and gonyautoxins (GTX) using high performance liquid chromatography with fluorescence detection (HPLC-FL) for 2017

mortality event.

Case number Species Location Sample type HPLC-FL (µg/kg)

STX B1 (GTX-5) dcSTX

15 C. mydas Playa Dorada EC 2, 290.5 652.3 <DL

15 C. mydas Playa Dorada L 244.6 129 15.6

14 C. mydas Playa El Zonte L 378.6 186.6 19

14 C. mydas Playa El Zonte EC 4, 185.1 2,010 257.1

14 C. mydas Playa El Zonte GC 1, 936.6 714.8 <DL

12 C. mydas Playa El Majahual EC 5, 998.7 2,390.1 653.2

11 C. mydas Playa El Maguey GC 6, 683.3 1,615.9 365.7

10 C. mydas Playa El Maguey EC 11, 614.2 2,002.5 566.5

4 C. mydas Playa Sihuapilapa GC 7, 026.6 3,092.9 283.8

3 C. mydas Playa Sihuapilapa L 679.5 238.7 24.1

Same case numbers represent samples from the same individual. EC, enteric contents; L, liver; GC, gastric content.

In Chelonia mydas, higher concentrations of STX has been
found in the gastro-intestinal tract contents rather than tissues
(Capper et al., 2013). Toxicity thresholds have not been
defined for PST in chelonians or other reptiles. Given their
conservation status, exposure studies in sea turtles are not
feasible and laboratory studies using non-imperiled chelonians
have not yet been conducted. Attribution of clinical effect
and mortality currently relies on exclusion of other possible
causes and comparison of toxin exposures associated with
mortality during known blooms, as well as exposure in turtles

that are clinically stable or those that died from apparently
unrelated causes. The dead turtles found during both events
described herein were consistent with the general features
of sea turtle mortality attributed to brevetoxicosis, another
biotoxin that acts on neuronal voltage-gated sodium channels
(Fauquier et al., 2013; Walker et al., 2018). These features include
strandings of turtles in good nutritional condition without
injuries, other abnormalities, or known association with other
causes of mortality. Similar to a mortality event involving
diamondback terrapins (Malaclemys terrapin) associated with
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TABLE 3 | Concentration of the most abundant phytoplankton species found in

La Libertad and Acajutla during the 2013 event, and in Los Cóbanos during 2017.

Species Cell abundance (cells/L)

2013 2017

La Libertad Acajutla Los Cóbanos

Alexandrium monilatum ND 4080 ND

Alexandrium sp. ND ND 672

Chaetoceros affinis ND ND 2,689

Cochlodinium polykrikoides 880 520 ND

Dactyliosolen fragilissimus ND ND 110,235

Gonyaulax sp. ND ND 672

Guinardia striata ND ND 3,361

Gymnodinium catenatum 480 5400 ND

Gyrodinium instriatum 120 480 ND

Oxytoxum sp. ND ND 1,344

Pseudo-nitzschia spp. ND ND 4,033

Pyrodinium bahamense 20 ND ND

ND, not detected.

a PST-producing Alexandrium bloom (Hattenrath-Lehmann
et al., 2017), all turtles were found dead thus we were
unable to ascertain whether affected turtles exhibited signs
of neurotoxicosis. However, as previously reviewed, abnormal
neurological signs including, erratic swimming, disorientation,
and reduced activity were observed in stranded turtles found in
2010, one of which had detectable STX in brain tissue (Licea et al.,
2013).

The PST concentrations detected in sea turtles that were
found during both events were similar to those reported in
2006 (Licea et al., 2008) and 2010 (Licea et al., 2013), the
only other published accounts of sea turtle mortality associated
with PSP that includes toxin analyses. Our values were much
higher than detected in the aforementionedM. terrapinmortality
event (Hattenrath-Lehmann et al., 2017). In the case of PST
found in one sample from brain tissue in 2013, the value
is lower than found in brain tissue from the 2005 to 2006
mortality event (Licea et al., 2008). Two of the authors (Stacy
and Flewelling, unpublished data) have screened sea turtles
found stranded in Florida for PST as part of health studies and
investigation of mortality events. In those results, concentrations
typically are below detectable limits (10 ng/g) or well below
those documented in this report, including within areas that
experience periodic PST-producing blooms. Thus, although
some degree of asymptomatic PST exposure almost certainly
occurs in sea turtles, we have not found evidence of widespread
background exposure similar to that measured during these
events as a complication related to interpretation of analytical
results. Nonetheless, broader sampling is needed of sea turtles
during mortality events and PST-producing blooms and from
unrelated circumstances with which to better understand PST
exposure in Central America.

The opportunistic nature of sampling during these events
did not allow conclusions to be drawn regarding differences
in toxin concentrations among turtles and sample types other

than variation is attributable to potential differences in dose,
timing of exposure, toxin absorption and metabolism, and
analytical methods. There are notable differences in the assays
performed, which were determined by logistical considerations
during each event. For example, RBA measures overall PST
toxicity, whereas HPLC measures concentrations of specific
congeners (Costa et al., 2009). ELISA is very sensitive and useful
for screening for exposure, and analytical confirmation was
achieved for the 2017 animals screened by ELISA. However, we
did not have the ability to compare results of the same samples
across all three methods. Future efforts should endeavor to
standardize both sampling and analytical methods to the degree
possible.

We observed anomalies in remotely-sensed imagery
suggesting possible dinoflagellate blooms during both events.
Unfortunately, available water samples were inadequate to
confirm that the anomalies observed in satellite imagery were
blooms of PST-producing species; corresponding in situ water
samples are essential to confirm the presence of a bloom (Hu
et al., 2005). The spatiotemporal extent of water sampling was
extremely limited and was not considered representative of the
anomalies detected by satellite. Nevertheless, the possibility that
the observed anomalies were caused by blooms of Pyrodinium
bahamanse and the likelihood that such blooms contributed
to these mortality events are strengthened by concurrent
detection of PST exposure in turtles, detection of Pyrodinium
bahamense in the gastrointestinal contents of some turtles, and
the observed toxin profiles. PST toxin profiles reported for
P. bahamense vary somewhat from location to location, but
generally contain fewer toxins than those described for other
PST-producing dinoflagellates (Wiese et al., 2010). Profiles
consisting of STX, NEO, dcSTX, GTX5, and GTX6 were
reported in P. bahamense clones both from Palau (Harada
et al., 1982, 1983) and Malaysia (Usup et al., 1994). Pyrodinium
bahamense isolates from the Philippines and the southeastern
US contained only STX, GTX5, and dcSTX (Landsberg et al.,
2006; Gedaria et al., 2007), similar to the PST profile observed
in the turtles analyzed in the present study. Although we were
unable to confirm and identify blooms of specific species,
the remotely-sensed data provided insight into the possible
locations and extent of the blooms that may have resulted in
toxin exposure and caused sea turtle mortality. Hopefully, this
technology will be used to inform real-time sampling during
future events.

Another consideration relevant to collection and
interpretation of environmental data is the potential for
persistent toxin exposure following dissipation of blooms. In
marine animal mortality events attributed to brevetoxicosis,
animals are not only exposed to high toxin levels during bloom
periods, but also to toxins circulating through food webs for
weeks or months after a bloom has dissipated (Landsberg et al.,
2009). The same potential may exist for PST.

The number of sea turtles found likely reflects a minority
of affected animals. Previous studies of beach strandings have
estimated that around 5–20% of sea turtles that die at sea
are subsequently found on shore (Hart et al., 2006; Mancini
et al., 2011; Koch et al., 2013). Therefore, actual mortality
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FIGURE 3 | Chlorophyll-a concentration (A,C,E, units = mg m−3) and normalized fluorescence line height (B,D,F, units = mW cm−2
µm−1 sr−1) for three 8-day

time periods during September 2013. Data were collected from the MODIS-Aqua sensor and provided by NASA’s Giovanni system (Acker and Leptoukh, 2007).

Corresponding images represent 8-day means for each parameter ending on the dates displayed in the images; (A,B) represent 6–14 September data, (C,D)

represent 14–22 September, and (E,F) represent 22–30 September. All maps are shown at an equal spatial scale.

from both events could have numbered in the hundreds or
even thousands of sea turtles. Moreover, the 2013 event may
have been widespread based on the extent of the potential
bloom observed in remotely-sensed imagery and reported

concurrent sea turtle strandings in Guatemala (Brittain et al.,
2014).

Given the status of sea turtles and efforts that are
required to manage significant anthropogenic threats, an
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FIGURE 4 | Chlorophyll-a concentration (A,C,E, units = mg m−3) and normalized fluorescence line height (B,D,F, units = mW cm−2
µm−1 sr−1) for three 8-day

time periods during October 2017. Data were collected from the MODIS-Aqua sensor and provided by NASA’s Giovanni system (Acker and Leptoukh, 2007).

Corresponding images represent 8-day means for each parameter ending on the dates displayed in the images; (A,B) represent 8–15 October data, (C,D) represent

16–24 October, and (E,F) represent 24 October−1 November. All maps are shown at an equal spatial scale.

understanding of various causes of mortality is important
for conservation and management. The number of sea
turtle deaths attributed to HABs on the Pacific coast

of Central America is notable and warrants further
effort to understand the factors that contribute to these
events.
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Harmful algal blooms (HABs) constitute a worldwide problem, affecting aquatic
ecosystems, public health and local economies. Supported by the International Atomic
Energy Agency since 2009, Latin America and the Caribbean (LAC) countries, including
Brazil, Chile, Colombia, Costa Rica, Cuba, Dominican Republic, El Salvador, Guatemala,
Haiti, Mexico, Nicaragua, Panama, Uruguay and Venezuela, have integrated a regional
network for early warning of HABs and biotoxins in seafood. Technical capacities have
been developed at regional level to identify toxic species, evaluate biota toxicity, and
to perform retrospective analysis of HAB occurrence. This network involves 58% of the
coastal LAC countries, two regional reference centers (in El Salvador and Cuba), 14 well
equipped institutions, and 177 professionals trained to contribute to the operation of
HAB and biotoxin monitoring programs. All countries from the network have reported
planktonic and benthic toxic species, and in selected cases, associated with toxin in
biota. Dinocyst abundance analysis in 210Pb-dated sediment cores have shown that
some harmful species have been present in the region for at least 100 years ago, and
that both coastal water pollution and climate change are important drivers for HAB
occurrence. Efforts must be made to enrich the data base records on HAB events
occurred in LAC, better understand key environmental variables that control HABs
and expand coverage of HAB monitoring to all coastal countries in LAC to promote
sustainable development of the region.

Keywords: HAB, biotoxin, nuclear techniques, laboratory network, IAEA-technical cooperation

Frontiers in Marine Science | www.frontiersin.org 1 November 2018 | Volume 5 | Article 40968

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2018.00409
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2018.00409
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2018.00409&domain=pdf&date_stamp=2018-11-08
https://www.frontiersin.org/articles/10.3389/fmars.2018.00409/full
http://loop.frontiersin.org/people/570182/overview
http://loop.frontiersin.org/people/203347/overview
http://loop.frontiersin.org/people/593118/overview
http://loop.frontiersin.org/people/569096/overview
http://loop.frontiersin.org/people/633643/overview
http://loop.frontiersin.org/people/592436/overview
http://loop.frontiersin.org/people/604872/overview
http://loop.frontiersin.org/people/619046/overview
http://loop.frontiersin.org/people/524157/overview
https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-05-00409 November 8, 2018 Time: 12:38 # 2

Cuellar-Martinez et al. Latinoamerican-Caribbean Network on HABs

INTRODUCTION

Harmful effects of phytoplankton blooms (abundance
increment over background levels) may be associated with
oxygen depletion, production of phycotoxins, mucilage,
reactive oxygen species and polyunsaturated fatty acids, and
physical damage to fish gill tissue; high mortalities of marine
organisms including fish, marine mammals and sea turtles
have been associated with algal blooms (Anderson, 2017).
Worldwide, harmful algal blooms (HABs) appear to have
increased in frequency, geographic extent and intensity, due to
the increase in nutrient discharges to aquatic ecosystems,
and climate variability (Heisler et al., 2008) as well as
the introduction of exotic species (van den Bergh et al.,
2002). Most of the HAB forming species are dinoflagellates,
accounting for as much as 100 taxa in the marine environment
(Moestrup et al., 2009).

In Latin America and the Caribbean region (LAC),
between 1970 and 2007, ∼7800 human intoxications,
including 119 human fatalities, were mainly associated
with Paralytic Shellfish Poisoning (PSP) in the Pacific and
Atlantic coasts, and Ciguatera Fish Poisoning (CFP) in the
Caribbean zone (Table 1 and Supplementary Table S1).
There is no exact measure of the economic impacts of
HABs in LAC; however, analysis of specific cases suggest
that they are severe. In Mexico, 61 HAB events caused
∼2,500 days of sanitary closures between 2003 and 2014
(Comisión Federal de Protección contra Riesgos Sanitarios
[COFEPRIS], 2018), affecting local economies due to bans
of shellfish harvesting or extracting; and in 2002, in Bahía
de Todos Santos (Pacific coast), a bloom of Ceratium furca
caused a 15-million dollar loss in a mass mortality episode
of farmed tuna (Orellana-Cepeda et al., 2004). In Chile, in
2016, a bloom of Pseudochattonela cf. verruculosa affected
the salmon farming, with losses over 500 million dollars
(Clément et al., 2016). Besides the multiple impacts of HABs
in LAC, the scarcity of qualified personnel and properly
equipped laboratories acted against the establishment of
prevention and mitigation measures. Surveillance of toxic
HAB occurrence and/or control of biotoxins in seafood has
been unequally developed in the region, and only a few
countries have regular monitoring programs for local or export
trades.

Over the last decade, countries of LAC have developed
capacities to better manage HABs, and strengthen cooperation
within the region, through the creation of the “Regional
Monitoring and Response Network for Marine Resources
and Coastal Environments in Latin America and Greater
Caribbean.” This effort was supported by the International
Atomic Energy Agency (IAEA) Technical Cooperation
Program (projects RLA/7/012, RLA/7/014, RLA/7/020 and
RLA/7/022). This work describes selected network achievements
in terms of capacity building and establishment/improvement
of monitoring programs; and presents examples of the
information generated, including HAB events, toxic species
and biotoxins identification, and historical reconstruction of
HABs.

METHODOLOGY

Microalgae Species
Harmful algal bloom monitoring programs within the
network followed the methods in Reguera et al. (2011, 2016).
Phytoplankton was sampled with nets and Niskin bottles
and quantified through the Utermöhl method using inverted
microscopes; and benthic dinoflagellates were collected from
seagrass and macroalgaes, and counted using Sedgewick-Rafter
chambers using compound microscopes.

Toxins
Paralytic shellfish toxins (PSTs) and ciguatoxins were analyzed
in marine biota using the receptor binding assay (RBA; IAEA,
2013), that quantifies the toxin potency, by determining, through
a scintillation counter, the concentration of tritiated toxin
standards, which compete with the toxin from sample extracts,
for binding to voltage-gated sodium channels in a rat brain
membrane preparation (Van Dolah et al., 2012).

Dinocysts
The analysis of dinocysts (cyst/g, dry weight) in 210Pb dated
sediment cores was performed following de Vernal et al. (2010).
Briefly, sediment samples, added with Lycopodium spores as
marker for quantitative analysis, are treated with a mixture
of strong acids to clean the sample, which is used to prepare
permanent slides to be counted in optic microscopes. The relation
of environmental records (e.g., temperature or rainfall) and
dinocysts abundances was examined using multivariate analysis
(Cuellar-Martinez et al., 2018).

RESULTS AND DISCUSSION

The strategy followed by the network included: (i) capacity
building (e.g., improvement of analytical infrastructure and
formation of human resources through specialized courses and
hands-on trainings); and (ii) standardization of sampling and
analytical methods for microalgae and toxin quantification, and
the retrospective analysis of HAB event occurrence. The most
important activities and findings obtained are described below.

Capacity Building
As of 2018, the network involves laboratories in 14 countries
(Supplementary Table S2), including Brazil, Chile, Colombia,
Costa Rica, Cuba, Dominican Republic, El Salvador, Guatemala,
Haiti, Mexico, Nicaragua, Panama, Uruguay and Venezuela,
representing 58% of the Member States along the Atlantic
and Pacific coasts of Latin America and 14% of the Caribbean
coasts. As part of the network activities since 2009, the
countries (except Chile and Brazil, who recently joined the
network) developed pilot HAB monitoring programs in
sampling sites off their coastline (Figure 1); and through
17 training courses, 177 persons were trained on diverse
topics, including taxonomy and identification of harmful
microalgae, dinocysts and foraminifera; analysis of phycotoxins
(including RBA); data analysis (submission of data to the

Frontiers in Marine Science | www.frontiersin.org 2 November 2018 | Volume 5 | Article 40969

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-05-00409 November 8, 2018 Time: 12:38 # 3

Cuellar-Martinez et al. Latinoamerican-Caribbean Network on HABs

TABLE 1 | HAB records from countries of the Latin America and Caribbean network in the Harmful Algae Event Database (Harmful Algae Event Database [HAEDAT],
2018).

Country Years HAB events Species frequently reported1

(number of HAB events)
Harmful event impact

Brazil∗ 1990–2016 7 Dinophysis sp.2 (2) Massive shellfish mortalities and human
intoxication.

Chile 1972–2018 39 Alexandrium catenella3 (17), Chatonella
verruculosa (5), Leptocylidrus minimus
(4)

113 human intoxication and 15 fatalities,
harvest and shellfish farms closures,
salmon mortalities.

Colombia 1994–2017 27 Species not identified (8),
Synechocystis sp. (6), Mesodinium sp.
(3)

Mass fish deaths.

Costa Rica∗ 1989–2003 3 Pyrodinium bahamense3 (2) 20 human intoxications and 1 fatality,
harvest sites closure.

Cuba 2003–2015 7 Cochlodinium polykrikoides (3) Not reported.

Dominican Republic∗ 2015 1 Not identified Not reported.

El Salvador 2001–2018 13 P. bahamense3 (4), C. polykrikoides (3) 7 human intoxications and 1 fatality, sea
turtle deaths.

Guatemala 1987–2004 7 P. bahamense3 (4) 26 human fatalities.

Haiti no data − − −

Mexico∗ 1979–2014 49 Gymnodinium catenatum3 (10), CFP
(9), Gambierdiscus spp.4 (9),
P. bahamense3 (5)

High toxin concentrations, 25 human
intoxications by CFP.

Nicaragua∗ 2005–2018 4 Phaeocystis sp. (2) Presence of mucilage, foam, bad smell, 50
human intoxications.

Panama∗ 2001 1 CFP Not reported.

Uruguay 1980–2016 53 G. catenatum3 (13), D. acuminata2

(12), Dinophysis spp.2 (5), D. ovum2 (4),
A. tamarense3 (3), Akashiwo sanguínea
(3), M. rubrum (3)

Shellfish closure and harvesting ban

Venezuela∗ 1956–2010 12 Diverse species (one per event) Not reported.

1 Species in ≥3 events, except countries marked with∗; Species associated with DSP2, PSP3, and CFP4.

international Harmful Algae Event Database [HAEDAT], 2018,
and retrospective reconstruction of HABs occurrence through
the study of dated sediment cores); ocean acidification; and
communication skills to disseminate scientific findings to
stakeholders (Supplementary Figure S1).

In order to perform the different monitoring activities,
prioritized by the countries based on their needs and capacities,
each laboratory of the network received specific equipment and
consumables (e.g., Utermöhl and Sedgewick-Rafter counting
chambers, Niskin bottles, phytoplankton nets, multiparameter
probes for water quality and inverted microscopes), some of
them inaccessible within the region. Liquid scintillation counters
and minor equipment for toxin extraction and quantification
using RBA, were provided to laboratories in El Salvador,
Nicaragua, Colombia, Cuba and Costa Rica; and alpha and
gamma spectrometry capacities were established in Colombia,
Cuba, Mexico, Nicaragua and El Salvador, for retrospective
studies on HAB forming species in 210Pb dated sediment cores.

Pilot Monitoring Programs
Standardization of Methods Used in the Network
The collaborative work among the network laboratories led
to production of manuals and guides, that led to significant
findings and numerous scientific documents. The “Guide for

designing and implementing a plan to monitor toxin-producing
microalgae,” prepared through a collaboration between scientists
from the network (and other countries), the International
Oceanographic Commission (IOC) and the IAEA, includes
standardized sampling and counting procedures (Reguera et al.,
2011, in Spanish); and has been expanded to include methods to
study benthic HABs (Reguera et al., 2016, in English).

Microalgae Blooms Observations and Impacts in the
Network Countries
In the Colombian Caribbean Coast, three blooms caused by
Cochlodinium spp. and other three by Mesodinium cf. rubrum
occurred in Santa Marta Bay and nearby areas, between 2010
(Malagón and Perdomo, 2013) and 2017; and in Ciénaga
Grande de Santa Marta, about nine episodes of mass fish
deaths were attributed to low oxygen concentrations associated
with HABs (2014–2017; unpublished data). Additionally, in
Chengue Bay, Tayrona National Park, 14 potentially harmful
benthic dinoflagellates were identified in seagrass meadows,
including Prorocentrum and Ostreopsis as the most frequent
genus (Arbeláez-Merizalde et al., 2017). Prorocentrum lima was
the most representative species on Thalassia testudinum and
its maximum abundances were associated with salinities close
to 35, high temperatures (> 29◦C) and low nutrient (N-P)
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FIGURE 1 | Monitoring sites within the technical cooperation IAEA projects on HABs. Mexico: Mazatlán and Puerto Morelos, Cuba: Cienfuegos Bay and Ensenada
de Guajimilco, Dominican Republic: Playa Caleta, Haiti: Port-au-Prince, Guatemala: Puerto Quetzal and Amatique Bay, El Salvador: all the coast, Nicaragua: Port of
Corinto and El Ostional Bay, Costa Rica: Cahuita National Park, Gulf of Nicoya, Uvita Island and Puerto Vargas National Park, Panama: Punta Galeta, Colombia:
Ciénaga Grande de Santa Marta and Chengue Bay, Venezuela: Cubagua Island, Uruguay: Punta del Este and La Paloma.

concentrations, during an ENSO period (Arbeláez-Merizalde and
Mancera-Pineda, 2016).

In Cienfuegos Bay, Cuba and adjacent coasts, ∼20 potentially
harmful species were identified between 2007 and 2009.
Gymnodinium catenatum, Pyrodinium bahamense and
Dinophysis ovum were recorded for the first time (Moreira-
González et al., 2013). A bloom of Heterocapsa circularisquama
occurred in 2009 (Moreira-González, 2010); and another of
Vulcanodinium rugosum in 2015, left 60 cases of skin lesions
(Moreira-González et al., 2016a). The HABs in Cienfuegos
Bay were associated with the restricted water circulation
in small enclosed areas and discharges of urban/industrial
effluents (Moreira-González et al., 2014). A bloom of
Cochlodinium polykrikoides in 2014 in Guanaroca Lagoon
was related with extreme weather conditions associated
with ENSO (Moreira-González et al., 2016b). Outbreaks
by Phaeocystis sp. occurred in Cayo Largo del Sur in 2012
(Loza et al., 2013), and by Chattonella sp. in La Redonda
Lagoon in 2013 (Moreira-González and Comas-González,

2014). Gambierdiscus, Ostreopsis and Prorocentrum have been
quantified in the southern Cuban coast, and a high diversity
of Gambierdiscus species was revealed through qPCR assays
(Díaz-Asencio et al., 2016).

In El Salvador, P. bahamense blooms and high levels of
saxitoxins in shellfish occurred in 2011 and 2012 (Espinoza
et al., 2013a). Also, in 2012, a bloom of Alexandrium
peruvianum/ostenfeldii at Los Cóbanos was associated with
sea turtle deaths (Espinoza et al., 2013b); and a bloom by
C. polykrikoides caused abundant scum and mass fish mortalities
in the coast of La Libertad (Espinoza et al., 2013b). A massive
sea turtle death in 2013, was associated with G. catenatum,
and P. bahamense (Amaya et al., 2014). Regarding epiphytic
dinoflagellates, the most abundant taxon is Prorocentrum
lima (80 cells/g), and Gambierdiscus sp. and Ostreopsis sp.
are present in low densities (4 and 9 cell/g respectively;
Quintanilla and Amaya, 2017).

On the Pacific coast of Nicaragua, in 2005, a P. bahamense
bloom caused 50 human intoxications and one death
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(Chow et al., 2010). In Punta de El Este and La Paloma, Uruguay,
between 2010 and 2018, fourteen toxic events by Dinophysis cf.
ovum, two by G. catenatum and two by both species, produced
PST concentrations in bivalves above the regulatory level
(0.8 mg STXeq/kg meat) and positive mouse bioassay results
for Diarrhetic Shellfish Poisoning (DSP). In the Caribbean
coast of Guatemala, monitoring reports since 2015, include
Prorocentrum spp. (14–5,492 cell/g), Ostreopsis sp. (0–165 cell/g),
Gambierdiscus spp. (0–16 cell/g, Supplementary Figure S2)
and Coolia sp. (0–7 cell/g) (unpublished data). Whereas, in
the southern Caribbean coast of Costa Rica, the reports since
2016, included Coolia monotis, C. tropicalis, Ostreopsis spp.
Prorocentrum spp. and Gambierdiscus spp. (unpublished data).

Despite Gambierdiscus species being responsible for CFP, and
having been reported in Colombia, Cuba, El Salvador, Guatemala
and Costa Rica, none of these studies informed intoxication cases
owing to this taxon.

Nuclear Techniques for the Study of HABs
Toxin analysis
In El Salvador, between 2010 and 2017, more than 300 RBA
analyses of PST have been performed in marine biota (e.g., puffer
fish, snails, crabs, mussels, clams, oysters, shells, phytoplankton
and sea turtles). PST concentrations at risk for consumption
have been regularly found in Crassostrea iridiscens oysters, with
concentrations reaching levels as high as 28.09 mg STXeq/kg
in 2011 (Amaya et al., 2012, 2014). In 2013, ∼200 sea turtles
died, and RBA analysis indicated the presence of saxitoxins
in diverse tissues of some turtle (Amaya et al., 2014). Owing
to the permanent HAB monitoring program, and the toxins
quantification by RBA, the intoxication cases associated with
PSP have diminished in El Salvador, since both actions allow
providing scientific information and early warnings to decision
makers, which facilitates rapid responses to enforce shellfish
harvest and trade bans, and protect the population from the
consumption of contaminated seafood.

Ciguatoxins were detected for the first time in fish tissues from
Cuba (Díaz-Asencio et al., 2016) using a recently optimized RBA
method. Guidance on RBA use and quality control checks for
toxin screening of fish samples is provided in Díaz-Asencio et al.
(2018). This optimized protocol supports a full validation of the
assay, a necessary step to develop and implement a regulatory
monitoring program for ciguatoxins in seafood products.

Retrospective studies of the occurrence of potential harmful
species
Historical reconstruction of HAB events have been conducted
in Mexico through the analysis of dinocyst abundances in
210Pb dated sediment cores. A sediment core collected in
April 2016, in Punta Caracol (Mexican Caribbean coast;
Figure 1), recorded very scarce dinocysts (total abundance:
178 ± 34 cyst/g) with all species belonging to Spiniferites
taxa (Spiniferites spp., S. ramosus, S. hyperacanthus, S.
belerius, S. mirabilis, Supplementary Figure S2, unpublished
data).

In the Gulf of Tehuantepec (Pacific coast) and San Jose
Lagoon (Gulf of California), Polysphaeridium zoharyi (cyst

of P. bahamense) was the most representative species and
was found in the sediments since more than 100 years ago.
Both studies indicated that climate variability might be an
important driver in the dynamics of this species. The highest
P. zoharyi fluxes in the Gulf of Tehuantepec were associated
with low sea surface temperatures (La Niña episodes) and
increasing rainfall (El Niño events) (Sanchez-Cabeza et al., 2012);
and in San Jose Lagoon, with increments in rainfall and in
minimum atmospheric temperatures (Cuellar-Martinez et al.,
2018).

HAB Records in an International
Database
The network recognized the lack of HAB records in LAC and
found synergy with HAEDAT to integrate information about
HABs that have occurred in the region. The network laboratories
have provided 184 new data within the past 6 years. The database
HAEDAT was consulted in June 2018 and until then, 223 HAB
events occurred in countries from the network (between 1 and 53
records per country; Table 1), the oldest being from 1956.

The common taxa in the region are Alexandrium, Pyrodinium,
Cochlodinium and Gymnodinium. The most reported HAB
forming species are Alexandrium catenella (Chile), G. catenatum
(Mexico and Uruguay) and P. bahamense (Mexico, El Salvador,
Costa Rica and Guatemala). In recent years the occurrence of
C. polykrikoides blooms has become evident in Cuba and El
Salvador.

Harmful Algae Event Database is a good platform to highlight
the problem of HAB occurrence in LAC countries and facilitate
the incorporation of results emanating from the monitoring
programs. However, based on the current records available,
the appraisal of the present situation regarding HABs in LAC
would be largely underestimated, since not all HAB events
are registered yet. For instance, despite CFP being a threat
to human health in the Caribbean (∼2400 intoxication cases,
Supplementary Table S1), the records in HAEDAT are still scarce
(19 events). It is important to maintain constant efforts to update
the information to maximize the benefits of the database for
coastal management and to improve the global perspective about
HABs.

CHALLENGES AND PERSPECTIVES ON
HAB RESEARCH IN LAC THROUGH THE
NETWORK

The main obstacles encountered by the network to establish and
sustain continued HAB monitoring programs, are (a) lack of
knowledge and awareness of the magnitude of the HAB problem
in the region; (b) dependency on importation for many reagents
and materials needed for the monitoring programs; (c) high
turn-over of trained personnel; and (d) lack of financial resources.

Currently, under the project RLA/7/022 “Strengthening
Regional Monitoring and Response for Sustainable Marine
and Coastal Environments” the immediate objectives include:
dissemination of the information on the installed capacity
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of nuclear technologies and their applications for monitoring
of stressors in the marine-coastal environments in LAC; the
integration of strategic partners in the network activities
to stablish long lasting flows of validated information; and
the consolidation of processes to transfer network-generated
information to stakeholders, for evaluation of socio-economic
impacts derived from environmental damage in the region, which
would allow mitigation and remediation decisions.

Recent network efforts aim at communicating the activities
and major accomplishments to decision makers, international
institutions and general public. The dissemination of these
achievements is expected to help improving the understanding
and recognition of the threat that HABs represent to public
health and sustainable coastal management. Improving the
network visibility can also facilitate access to international
funding and promote cooperation with other HAB-related
networks. Locally, this could lead to stronger governmental
engagement to maintain and expand HAB and biotoxin
monitoring programs, with the ultimate goal of safeguarding
seafood safety and the generation of scientific knowledge to
better prevent, control and mitigate HAB occurrence and
impacts.

The establishment of early warning systems in the rest of
the network countries, the adoption of molecular techniques
to improve the identification of HAB forming species, and the
study of HABs in freshwater environments, certainly should be
included in further efforts. Also, the network intends to improve
the study of other marine stressors such as sea level rise and
contaminants; and capacity is currently being built for ocean
acidification monitoring and microplastic quantification.

CONCLUSION

Despite recurrent toxic blooms and drastic consequences
for human health and the economy of LAC countries,
response strategies have been quite unequal in the region.
The creation of a network enabled countries to work
together, with the support of IAEA technical cooperation
projects, to build on their existing skills and capacity.
Regional efforts have led to successful establishment of
mature, standardized and up-to-date methodologies for
identification and quantification of potentially harmful species,
for toxin analysis and for temporal reconstruction of HAB
occurrences. Scientific information and HAB occurrence data
have been generated, and pilot surveillance of HABs biotoxins
allowed the establishment of an early warning system in El
Salvador.

Most countries in the region are challenged by the lack
of resources to maintain continuous monitoring programs or

expand monitoring efforts beyond HABs. It is therefore essential
to strengthen south-south collaborations within the network
laboratories and among other LAC countries, to promote
alliances with local and international institutions, and take steps
forward the sensitization and awareness of local authorities and
general public about the threat of HABs in the region. The
effective transfer of the scientific results obtained through the
network are a key step to support the coastal management and to
facilitate decision making toward the prevention and mitigation
of HAB impacts in LAC.
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The extensive Argentine continental shelf supports high plankton productivity and fish
catches. In particular, El Rincón coastal area and the adjacent shelf fronts (38.5–
42◦S, 58.5–62◦W) comprise diverse habitats and hold species of economic and
ecological value. So far, studies of the microbial community present at the base
of the food web remain scarce. Here, we describe the late winter plankton (5–
200 µm) structure in terms of abundance, biomass, species composition, functional
groups, and phycotoxin profiles in surface waters of El Rincón in September 2015.
Diatoms are the most abundant and the largest contributors to carbon biomass at
most stations. They dominated the coastal and inner-shelf (depths <50 m), while
dinoflagellates and small flagellates (<15 µm) dominated offshore at the middle-shelf
waters (depth ∼100 m). In addition, large (>20 µm) heterotrophic protists such as
various ciliates and dinoflagellates species were more abundant offshore. Scanning of
phycotoxins disclosed that paralytic shellfish poisoning (PSP) toxins were dominated by
gonyautoxins-1/4 (GTX1/4), whereas lipophilic toxins were detected in low abundance,
for example, domoic acid (DA). However, a bloom of Pseudo-nitzschia spp. (up to
3.6 × 105 cells L−1) was detected at inner-shelf stations. Pectenotoxin-2 (PTX-2) and
13-desmethyl spirolide C (SPX-1) were the most abundant in the field. The PTX-2 co-
occurred with Dinophysis spp., mainly D. tripos, while SPX-1 dominated at middle-shelf
stations, where cells of Alexandrium catenella (1 strain) and A. ostenfeldii (3 strains) were
isolated. The quantitative PSP profiles of the Alexandrium strains differed significantly
from the in situ profiles. Moreover, the three A. ostenfeldii strains produced PSP and
additionally, five novel spirolides. Phylogenetic analyses of these newly isolated strains
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from the South Atlantic revealed a new ribotype group, suggesting a biogeographical
distinction in the population. The plankton survey presented here contributes baseline
knowledge to evaluate potential ecosystem changes and track the global distribution of
toxigenic species.

Keywords: protists’ plankton, functional groups, shelf front, phycotoxins, Alexandrium ostenfeldii, novel
spirolides, Patagonian Shelf, SW Atlantic

INTRODUCTION

Shelf seas play a major role in ocean carbon cycling and budget,
as a large part of the global marine primary production takes
place in the coastal areas, and about half of this organic carbon
is exported to the deep ocean (Liu et al., 2010). The Patagonian
Shelf Large Marine Ecosystem (PLME) (Heileman, 2009) is one
of the widest in the world, one of the most productive (Lutz
et al., 2010), and hydrographically complex in the Southern
Hemisphere (Palma et al., 2008; Matano et al., 2010; Paniagua
et al., 2018). The extensive shelf breakfront and other shelf
fronts support high phytoplankton productivity and fisheries
incomes (Acha et al., 2004; Carreto et al., 2016; Carranza
et al., 2017; Díaz et al., 2018). Moreover, recent studies on
satellite images showed that chlorophyll a (chl-a) has notably
risen over the last two decades (Marrari et al., 2017), which
highlights the role of this large ecosystem in the global carbon
uptake and in the regional sustainability of marine resources
and stakeholder communities (Bianchi et al., 2009; Marrari
et al., 2013). Hence, the identification of the phytoplankton
responsible for high productivity, concerning beneficial and
harmful blooms, becomes essential to track changes in the
food web and manage potential risk for the biota and human
health.

In particular, the area of the Argentine shelf called El Rincón
extends from 38.5◦S to approximately 42◦S (Figure 1) and is
especially wide at some areas, that is, ∼300 km (Lucas et al.,
2005). El Rincón ecosystem, with its middle-shelf front (located
at ∼100 m isobaths, Romero et al., 2006), embraces large habitat
heterogeneity (Lucas et al., 2005; Palma et al., 2008) characterized
by high zooplankton and fish biodiversity (e.g., Marrari et al.,
2004; López Cazorla et al., 2014; Acha et al., 2018). For instance,
its frontal areas are the main spring reproductive habitats of
the northern stock of Argentine anchovy (Engraulis anchoita)
(Marrari et al., 2013; Díaz et al., 2018) and other valuable species
(e.g., Hoffmeyer et al., 2009; Marrari et al., 2013; Acha et al.,
2018). So far, there has been only one study on the planktonic
microorganisms of El Rincón (Negri et al., 2013) and few of the
adjacent areas (Silva et al., 2009; Segura et al., 2013), and they
are mainly focused on the smallest cell sized fractions. Along the
Argentine shelf fronts and shelf- breakfront, spatial heterogeneity
of the phytoplankton composition has been related to contrasting
nutritional properties of water masses (Subantarctic Shelf waters
and Malvinas Current waters) and the latitudinal and cross-shelf
progression in the timing of the spring bloom (García et al., 2008;
Ferreira et al., 2013; Olguín et al., 2015; Carreto et al., 2016).
Analyses of satellite images of the ocean color (Romero et al.,
2006; Dogliotti et al., 2009; Delgado et al., 2015; Marrari et al.,
2017) in combination with field in situ chlorophyll estimation

(Lutz et al., 2010) have detected phytoplankton blooms in spring
and summer (maxima between October and February). Harmful
algal blooms (HABs) have been documented in the Argentine
shelf for the last 30 years, mainly associated with paralytic
shellfish toxins (PSTs) produced by dinoflagellates of the genus
Alexandrium (Carreto et al., 1981, 2001; Montoya et al., 2010;
Almandoz et al., 2014; Fabro et al., 2017). Severe detrimental
consequences in the food web, ecosystem services, and human
health have been attributed to these toxic events (Benavides et al.,
1995; Montoya et al., 1996; Gayoso and Fulco, 2006). Other
toxigenic species and associated toxins were registered in the
shelf and frontal areas, for instance, dinoflagellates of the genus
Dinophysis (Sar et al., 2012; Fabro et al., 2016) and diatoms of
the genus Pseudo-nitzschia (Negri et al., 2004; Almandoz et al.,
2007, 2017). Blooms composed of various species of Azadinium
spp. and Amphidoma spp., two genera known for the production
of azaspiracids (AZAs) (Tillmann, 2018a), have been described
from the Argentine shelf (Akselman and Negri, 2012; Tillmann
et al., 2018; Tillmann and Akselman, 2016; Tillmann, 2018b), but
the production potential of AZAs by the local species/populations
is yet known only for Azadinium poporum (Tillmann et al.,
2016). The analyses of phytoplankton composition and toxin
production may lead to the understanding of carbon fluxes
through the pelagic food web and to the benthos, where large
beds of the scallop Zygochlamys patagonica are located (Bogazzi
et al., 2005; Franco et al., 2017). The aim of this work is to
characterize the plankton community in El Rincón including the
detection of phycotoxins and toxic species. Particular interest
is focused on the species of the dinoflagellate, Alexandrium,
isolated at the middle-shelf, as this genus is of major concern
due to its tendency to form HABs and its global biogeographical
distribution (Anderson et al., 2012).

MATERIALS AND METHODS

Field Sampling
An oceanographic expedition on board the vessel Bernardo
Houssay was carried out from the 5th to the 9th of September
2015 in the northern Patagonian shelf in the Argentine Sea.
Twenty-four study stations were sampled in El Rincón (38◦50′–
41◦S, 60–62◦W) (Figure 1) (coastal, inner-shelf), which is an area
encompassed between the coast and the isobath of 50 m depth
and between the Bahía Blanca Estuary in the north and the Negro
River Estuary in the south. In addition, two offshore stations, 33
and 34, located at the middle-shelf at 100 m depth (Figure 1),
were sampled in the same expedition.

At each study station, surface water temperature (±0.2◦C)
and salinity (±0.06) were measured in situ by triplicate readings
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FIGURE 1 | Study area and location of the sampling stations during the oceanographic expedition in September 2015 aboard the research vessel B. Houssay.

with a multiparameter probe (Horiba U-10, Japan). Using Niskin
bottles, surface water samples were collected for quantification
of plankton and estimations of chl-a. For the former, 250 mL
were fixed with Lugol’s solution (1% final concentration) and kept
in the dark until analysis under the microscope, while for chl-
a, a volume of 200–250 mL was filtrated onboard through filter
GF/C and kept at −20◦C. Then, pigments were extracted using
acetone:water (9:1) and the quantification was performed with a
spectrofluorophotometer RF-5301PC Shimadzu calibrated with a
standard of Anacystis nidulans, according to Holm-Hansen et al.
(1965). In addition, using plankton net with a mesh of 35 µm,
water samples were collected and fixed with formaldehyde (2%
final concentration) for the identification of plankton species.

Chlorophyll a and Sea Surface
Temperature (SST) From Satellite
Observations
Satellite data was obtained from the Moderate Resolution
Imaging Spectroradiometer (MODIS) on board the satellite
Aqua. Daily level 1A data at 1 km spatial resolution, from 15th
August to 30th September 2015, were downloaded from the
Ocean Color website1. The files were processed into L2 and

1https://oceancolor.gsfc.nasa.gov

L3 product files using SeaDAS software, version 7.4 (Fu et al.,
1998). The standard NASA atmospheric correction algorithm
was applied, which provided the best performance in the optically
complex waters of the studied area (Delgado et al., 2018) and
other coastal waters (i.e., Jamet et al., 2011; Goyens et al., 2013).
The Chl-a and sea surface temperature (SST) products were
derived from the OCx (Hu et al., 2012) and the non-linear
sea surface temperature (NLSST) (Brown and Minnet, 1999)
algorithms, respectively. Then, L3 products of 15 days (15th–31st
August, 1st–15th September, and 16th–30th September) were
obtained from the L2 (1 km) products using arithmetic averaging
in Mercator projection (Campbell et al., 1995; Antoine, 2004).

Plankton Analysis
For quantitative estimations, plankton cells >5 µm were
enumerated with a Wild M20 inverted microscope according
to the procedures described by Hasle (1978). Depending on
the seston content, subsamples of 10 mL (coastal stations) or
50 mL of seawater were collected with Niskin bottles, preserved
with Lugol’s solution, and were settled in Utermöhl composite
sedimentation chambers during 24 h. The entire chamber was
analyzed under a magnification of 400×. Plankton abundance
was then expressed in cells L−1. Samples of plankton at stations 4,
15, and 24 were not available. Unidentified organisms other than
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diatoms, dinoflagellates, and coccolithophores were classified as
“flagellates” (regardless of flagella visible or not) and according
to their size. Concerning dinoflagellates, species of the genera
Protoperidinium, Gyrodinium, and some cf. Gymnodinium,
ciliates, and the thecamoeba, Paulinella ovalis, were counted as
heterotrophic protists. Plankton identification was performed in
net haul samples under a Zeiss Standard R microscope and a
Nikon Eclipse microscope, using phase contrast and differential
interference contrast (DIC) and a magnification of 1000×.
Local literature was consulted for the identification of plankton
taxonomy from the Argentine Sea (references in the text) and
general literature for identification of phytoplankton (Tomas,
1997; Hoppenrath and Debres, 2009). No cells of Dinophysis spp.
were detected in surface bottle samples, while the associated toxin
pectenotoxin-2 (PTX-2) was detected in net samples; the latter
was analyzed to quantify their abundances and expressed in cells
per net tow (cells NT−1).

Cell dimensions were measured throughout the counting
procedure using an ocular micrometer. Cell volumes of plankton
(in µm3) were calculated assigning simple geometric shapes to
species according to Hillebrand et al. (1999) and transformed
into carbon content (pg C cell−1) using two different carbon-
to-volume ratios, one for diatoms and one for all the other algae
groups (Menden-Deuer and Lessard, 2000).

Sampling of Phycotoxins
Samples of plankton were collected by horizontal net tow hauls
with a 35-µm mesh of 40-cm diameter. Net haul concentrates
were adjusted to a defined volume of 2–5 L (depending on the
net tow volume) using 0.2 µm filtered seawater. An aliquot
of 100 mL was fixed with acidic Lugol’s iodine solution (1%
final concentration) for identification of the species. From the
remaining volume, plankton was collected on a 20-µm mesh and
transferred to a 50-mL centrifugation tube, which was adjusted
to a final volume of 45 mL with filtered seawater. This sample
was split into three aliquots, and each aliquot was centrifuged at
a maximum speed of 3,500 × g in a 15-mL centrifugation tube
(model 2036, Rolco, Buenos Aires, Argentina). The supernatants
were discharged, pellets were resuspended in approximately 1 mL
filtered sea water, transferred to a 2-mL cryovial, and centrifuged
again (10 min, 3220 × g, model 5415 D, Eppendorf, Hamburg,
Germany). Finally, supernatants were removed and cell pellets
frozen at−20◦C. A quantitative comparison of toxin abundances
in the net tows of this expedition was not possible due to technical
difficulty. Net tows could not be performed in a standardized way.
No net sample could be taken at station 34.

Isolation of Alexandrium spp.
At stations 33 and 34, 2 L of seawater from 10 m depth
were filled into different 500 mL PE flasks and kept at 4◦C
until inspection. Single cells of Alexandrium spp. were isolated
from these samples by micropipette after analyzing under a
stereomicroscope (SZH-ILLD, Olympus, Hamburg, Germany).
Cells were transferred into individual wells of 96-well tissue
culture plates (TPP, Trasadingen, Switzerland) containing 300 µL
of Keller medium (Keller et al., 1987), prepared from 0.2 µm
sterile-filtered natural Antarctic seawater at 1/10th of the original

concentration. Isolated cells were then incubated at 15◦C at
a photon flux density of 50 µmol photons m−2 s−1 on a
16:8 light:dark (L:D) photocycle. After 3–4 weeks, four unialgal
and clonal isolates (provisionally named H-3-D10, H-1-G8,
H-3-D4, and H-2-A4), all originating from station 33, were
transferred to polystyrene cell culture flasks, each containing
50 mL of 1/2 strength K medium and were maintained, thereafter,
under the same conditions as described. Observation of live or
fixed cells was carried out with a stereomicroscope (SZH-ILLD,
Olympus) and with an inverted microscope (Axiovert 200 M,
Zeiss, Munich, Germany) equipped with epifluorescence and
DIC optics. Light microscopic examination of the thecal plate
tabulation was performed on neutral lugol-fixed cells (1% final
concentration) stained with calcofluor white (Fritz and Triemer,
1985). Photographs were taken with a digital camera (Axiocam
MRc5, Zeiss).

For harvest of cellular DNA and analyzing of toxin, cultures of
all strains were grown in 250 mL cell culture flasks at 15◦C under
a photon flux density of 50 µmol m−2 s−1 on a 16:8 h light:dark
photocycle. In each harvest, cell density was determined by
settling Lugol-fixed samples and counting cells >800 under an
inverted microscope. For DNA extraction, 50 mL of culture were
centrifuged as described later. For toxin analysis, 200 mL of
cultures were harvested as 4 × 50 mL in 50-mL centrifugation
tubes by centrifugation (Eppendorf 5810R, Hamburg, Germany)
at 3,220 g for 10 min. Supernatant was discarded and all four
pellets from one isolate were combined in a microcentrifuge tube
and again centrifuged (Eppendorf 5415, 16,000 × g, 5 min) and
stored frozen (−20◦C) until use.

DNA Extraction and Phylogeny
For phylogenetic analyses of Alexandrium strains, genomic DNA
was isolated using the E.Z.N.A Plant DNA Kit (Omega Bio-tek
Inc., Norcross, GA, United States). The original isolation protocol
was modified by insertion of an additional washing step using
“SPW wash buffer.” A NanoDrop ND-1000 system (PEQLAB,
Erlangen, Germany) was used to determine the concentration
and the purity of the genomic DNA. Phylogenetic inferences were
based on analyses of the D1/D2 region of the 28S large subunit
(LSU). The fragment of the LSU was amplified with the universal
primer set D1R-F (5′ACCCGCTGAATTTAAGCATA3′) and
D2C-R (5′CCTTGGTCCGTGTTTCAAGA3′) (John et al., 2014).
The polymerase chain reaction (PCR) cocktail of a final volume
of 50 µL contained ∼ 20 ng genomic DNA as template, 1×
amplification buffer (5 Prime, Hamburg, Germany), 0.1 mM
dNTPs (5 Prime), 0.1 µM of each primer, and 0.05 U of
HotMaster Taq DNA Polymerase (5 Prime). The amplification
protocol was performed for 2 min at 94◦C, 30 s at 94◦C, 30 s
at 55◦C, and 2 min at 68◦C for 35 cycles and an extension
for 10 min at 68◦C. The correct size of the amplified PCR
fragment was determined on a 1.5% agarose gel. The PCR
product was purified with the NucleoSpin Gel and PCR cleanup
kit (Macherey und Nagel, Düren, Germany) according the
manufacturer’s protocol and subjected to sequencing via standard
BigDye Terminator v3.1 cycle sequencing chemistry (Applied
Biosystems, Darmstadt, Germany). The resulting sequences were
assembled using the DNASTAR software package (Lasergene,
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United States). The LSU sequences obtained in this study were
deposited in the GenBank database and the accession numbers
are: BankIt2158787 H-2-A4 MK059419, BankIt2158787 H-1-
G8 and MK059420 BankIt2158787 H-3-D4 MK059421. The
sequences of the studied strains of Alexandrium ostenfeldii (H-
2-A4, H-1-G8, and H-3-D4) were compared with 36 of other
representative A. ostenfeldii/A. peruvianum strains obtained from
GenBank. The LSU sequences of Alexandrium insuetum and
Alexandrium minutum were used as outgroups to root the tree.
The sequence of the Alexandrium catenella strain (H-3-D10) was
compared with the LSU sequence assemblage, which is used to
formally revise the Alexandrium tamarense species with complex
taxonomy (John et al., 2014).

The MEGA7 (Kumar et al., 2016) was used for sequence
alignment. The LSU sequences were aligned using ClustalW.
The final alignment for the LSU phylogeny consisted of 572
positions for both Alexandrium ostenfeldii and Alexandrium
catenella. The phylogenetic model was selected using the MEGA7
software package. The phylogenetic trees were represented using
the maximum likelihood (ML) results, with bootstrap values from
the ML method (n = 1000 replicates).

Analysis of Toxin of Field Samples
Cell pellets from the plankton net tows were resuspended
in 500 µL of 0.03 M acetic acid for PST analysis and in
500 µL methanol for the determination of lipophilic toxins and
subsequently homogenized with 0.9 g of lysing matrix D by
reciprocal shaking at maximum speed (6.5 m s−1) for 45 s in a
Bio101 FastPrep instrument (Thermo Savant, Illkirch, France).
After homogenization, samples were centrifuged at 16,100× g at
4◦C for 15 min. The supernatants were transferred to spin filters
(0.45 µm pore size, Millipore Ultrafree, Eschborn, Germany)
and centrifuged for 30 s at 800 × g, followed by transfer to
autosampler vials.

Analysis of multiple lipophilic toxins was performed by liquid
chromatography coupled with tandem mass spectrometry (LC-
MS/MS) (AWI, Bremerhaven, Germany), as described by Krock
et al. (2008). Contents of the toxin are expressed as nanograms
per net tow (ng NT−1). Paralytic shellfish poisoning (PSP)
toxins were analyzed by ion-pair chromatography coupled with
postcolumn derivatization and fluorescence detection (PCOX
method) as described in detail by Van de Waal et al. (2015).

Analysis of Toxin of Alexandrium
Cultures
In addition to a general screening of the selected variants of
different groups of lipophilic phycotoxins, A. ostenfeldii strains
were specifically analyzed for the presence of a wide variety of
spiroimines. For spirolides, precursor ion experiments (PRECs)
for the characteristic spirolide fragments m/z of 150, 164, and
180 were performed for the search of spirolide variants. For
gymnodimines (including unknown variants), enhanced mass
scans (EMSs) in the mass range of m/z 480–550 were performed.
Collision-induced dissociation (CID) spectra of all positive m/z
values detected with the before-mentioned experiments were
recorded in the mass range of m/z 150–750. Applied mass
spectrometric (MS) parameters are detailed in Table 1. All

TABLE 1 | Mass spectrometric (ms) parameters used for analysis.

PREC EMS CID SRM

Curtain gas [au] 20 20 20 20

Collision gas [au] High Low High Medium

ESI voltage [V] 5500 5500 5500 5500

Temperature [◦C] 650 650 650 650

Spray gas [au] 40 40 40 40

Auxiliary gas [au] 70 70 70 70

Interface heater ON ON ON ON

Declustering
potential [V]

121 121 121 121

Collision energy
spread [V]

– 0 0 –

Entrance
potential [V]

10 5 – 10

Collision energy [V] 57 – 57 57

Collision exit
potential [V]

22 – – 22

PREC, precursor ion scan; EMS, enhanced mass scan; CID, collision-induced
dissociation; SRM, selected ion monitoring; au, arbitrary units.

positively confirmed spiroimines were quantified in the selected
reaction monitoring (SRM) mode using the mass transition
listed in Table 2 and calibrated against an external SPX-1
standard curve with four concentrations in the range from 1
to 1,000 pg µl−1 (Certified Reference Materials Program, NRC
IMB, Halifax, NS, Canada). Results are expressed as SPX-1
equivalents.

Data Analyses of the Structure of
Plankton
The distribution of the functional groups of plankton and
potential toxic species in the studied area was analyzed by colored
maps using the software Ocean Data View, version ODV 4.7.10.
Non-parametric Spearman’s correlation analyses were employed
to determine correlations between chlorophyll concentration,
phytoplankton abundance, and biomass. Cluster analysis was
applied to the stations to assess the spatial structure of plankton,
where the abundance (in cells L−1) was log-transformed to
normalize data. A matrix of similarities between each pair of
sampling station was calculated using the Bray-Curtis similarity
index. Then, the groups that were revealed by SIMPROF test
in the cluster analysis were pointed out to in the map. The
organisms with higher contribution to differences among groups
were identified by means of SIMPER (similarity percentages) test.
Statistical analysis was performed using the software PRIMER
(Clarke and Gorley, 2006).

RESULTS

SST, Salinity, and Chlorophyll a
Surface temperature was measured in situ in the coastal, inner-
shelf (21 stations with depth <50 m), and it varied between
10.0 and 11.3◦C with a mean value of 10.4 ± 1.0◦C, whereas
lowest values of 7.5 and 7.2◦C were detected at middle-shelf
stations viz. 33 and 34. Salinity values ranged between 32.6 and
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TABLE 2 | Mass transitions (Q1 and Q3 masses) used for the screening and
quantification of spiroimines and corresponding spiroimines.

Q1
mass
(m/z)

Q3
mass
(m/z)

Spiroimine Q1
mass
(m/z)

Q3
mass
(m/z)

Spiroimine

508 490 GYM A 666 180 Unspecified

510 492 desMe-GYM D 674 164 Unspecified

522 504 12-Methyl-GYM A 678 150 Unspecified

524 506 GYM A/B/D 678 164 13,19-didesMethyl-
spirolide
C/13/19,31-
didesMethyl-
spirolide
C

526 508 oxo-desMe-GYM D 686 164 Unspecified

534 150 Unspecified 692 150 Spirolide A

536 150 Unspecified 692 164 13-desMethyl-
spirolide C spirolide
G

540 164 Unspecified 692 178 27-oxo-13,19-
didesMethyl-
spirolide
C

540 522 Unspecified 694 150 Spirolide B

542 524 Unspecified 694 164 13-desMethyl-
spirolide D
Pinnatoxin G

548 530 Unspecified 694 180 27-hydroxy-13,19-
didesMethyl-
spirolide
C

552 150 Unspecified 696 164 Unspecified

564 546 Unspecified 698 164 Unspecified

582 564 Unspecified 706 164 Spirolide C
20-Methyl-spirolide
G

592 164 Spirolide M 708 164 Spirolide D

618 164 Compound 1 708 180 27-hydroxy-13-
desMethyl-spirolide
C

628 150 Unspecified 710 150 Unspecified

640 164 Unspecified 710 164 Compound 2

644 164 Unspecified 718 164 Compound 3

650 164 Spirolide H 720 164 Unspecified

652 164 Spirolide I 722 164 Unspecified

658 150 Unspecified 722 180 Unspecified

658 164 Unspecified 766 164 Pinnatoxin F

666 164 Unspecified 784 164 Pinnatoxin E

35 with a mean of 34.1 ± 0.7, displaying lower values at coastal
stations 2–10 and at stations 33 and 34. The satellite estimations
of the three 15-days means of SST (Figures 2A–C) and chl-a
distribution (Figures 2D–F) showed that SST increased from
August to September (Figures 2A–C) in the coastal and the
inner-shelf (8–13◦C), while they remained rather constant and
cooler (∼5–6◦C) in the middle-shelf. Conversely, chl-a displayed
larger variability in the middle-shelf (Figures 2D–F), with higher
values during the first half of September (Figure 2E) when the

expedition was performed. The in situ chl-a ranged from 0.2 to
1.9 µg L−1 (Figure 3A), with a mean of 0.8± 0.48 µg L−1.

Total Abundance, Biomass, and
Composition of Plankton
The abundance of photosynthetic protists (“phytoplankton”)
>5 µm was found between 0.21 × 105 cells L−1 and 6.47 × 105

cells L−1 (Figure 3A), with values more than twofold the mean of
1.5 × 105 cells L−1 occurring only at a few stations: 1, 5, 22, 23,
and 34 (Figure 3A). Biomass of phytoplankton varied between
3.8 and 103.1 µg C L−1 (Figure 3A) and both the total abundance
and biomass of plankton displayed weak linear correlation
with chl-a concentration (R2

∼0.56, n = 21). Abundance of
heterotrophic protists was found between 3.5× 103 cells L−1 and
1.8 × 105 cells L−1 and showed larger values in the middle-shelf
(Figure 3B), mainly caused by high abundance of dinoflagellates.
A frequent heterotrophic flagellate identified in the study area
was Leucocryptos sp. (length 7–13 µm), and the thecamoeba
Paulinella ovalis was seen frequently at the coastal stations (1–
14). Naked ciliates ∼20 µm were observed commonly offshore
(max. 5.95 × 104 cells L−1 at station 34), while tintinnids were
dominant at the coastal stations close to the Bahía Blanca Estuary
(station 1, 2, and 12), with low abundance (max. 7× 103 cells L−1

at station 2).
Diatoms were the dominant group in the study area, achieving

more than 50% of the abundance and the biomass of total
phytoplankton at most of the stations (Figures 4, 5), with
the exception of stations 7, 8, 14, 16, 18, and 34, where the
groups flagellates and/or dinoflagellates were more abundant
(Figures 4, 5). Diatoms showed the highest concentrations
at the coastal stations (Figure 5), mainly represented by
Cymatosira belgica, Asterionellopsis glacialis, Paralia sulcata,
and Thalassionema nitzschioides, each species with abundances
between 1.3 × 105 cells L−1 and 2.3 × 105 cells L−1 (list
of species in Supplementary Table 1). In particular, diatoms
displayed high concentrations at stations 22 and 23 (Figure 5)
due to a bloom of Pseudo-nitzschia spp. with abundances up
to 3.6 × 105 cells L−1 (Figure 6). At station 33, the diatom
Eucampia cornuta reached a high concentration (8.0 × 104

cells L−1). Two silicoflagellates were common in the study area,
Dictyocha speculum and D. fibula, with maximal abundance
at station 34 (3.7 × 104 cells L−1). Dinoflagellates were more
abundant at stations 33 and 34, followed by stations 21 and
22 (Figure 5), with dominance of heterotrophic dinoflagellates
such as cf. Gymnodinium, Protoperidinium spp., Torodinium
robustum, Gyrodinium spirale, and Amphidinium spp. Among
the photosynthetic dinoflagellates, the most frequent were
Prorocentrum spp., Oxytoxum sp., Tripos spp., and Scrippsiella sp.
Small photosynthetic thecate dinoflagellates (length∼10–18 µm)
were present as well such as Heterocapsa sp. and species of the
family Amphidomataceae (e.g., Amphidoma parvula, Tillmann
et al., 2018), which will be further presented in detail in a
companion paper (Tillmann et al. in prep). Cells of the genus
Alexandrium were found at relatively low abundances, up to
1.0 × 103 cells L−1, and Dinophysis was not detected in bottle
samples, but recorded in net samples with up to 3.6 × 103
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FIGURE 2 | Mean sea surface temperature, SST (◦C) (upper panels) and mean surface chlorophyll a, chl-a (µg L-1) (lower panels) registered by satellite images in the
study area for the periods: (A,D) 15th–31st August 2015; (B,E) 1st–15th September 2015 and (C,F) 16th–30th September 2015.

cells NT−1 (Figure 6). The group of coccolithophores was
mainly represented by Gephyrocapsa oceanica (5–10 µm), with
the highest concentration at station 12 (3.1 × 104 cells L−1),
followed by Emiliania huxleyi (3–7 µm) at the offshore stations
(up to 7.4 × 103 cells L−1 at station 33). The Xanthophyceae
Ophiocytium sp. at the coastal stations and the mixotrophic
ciliate Mesodinium rubrum at station 34 notably contributed
to the total carbon biomass (Figure 4) due to their large cell
size. The analysis of the plankton structure in the study area
displayed spatial differentiation across the coastal and inner-
shelf to middle-shelf stations (Figure 7), with decreasing ratios
of diatoms to dinoflagellates and a rising trend of heterotrophic
protists (Figures 3, 5).

Description of the Alexandrium spp.
Strains
Based on thecal plate pattern determined under the fluorescence
microscope, three of the strains (H-1-G8, H-3-D4, and H-2-A4)
were identified as A. ostenfeldii, whereas the fourth strain (H-
3-D10) was of the tamarense/catenella morphotype. Cells of the

strain H-3-D10, during exponential growth in culture, mainly
occurred in short two-cell chains, but occasionally were present
in four-cell chains. For all strains of A. ostenfeldii, pairs of cells
probably representing late stages of cell division were regularly
observed.

Cells of H-3-D10 had a typical Alexandrium outline
with a conical epitheca and a more trapezoidal hypotheca
(Figures 8A–I). Cells sizes ranged from 26.4 to 42.9 µm in length
(mean 35.4 ± 3.1, n = 30) and from 30.0 to 39.7 µm in width
(mean 35.0 ± 2.2, n = 30). The number, size, and shape of thecal
plates (Figures 8C–G) conformed to the species description of
Alexandrium catenella. The first apical plate consistently had a
small ventral pore (Figure 8D). A large connecting pore was
occasionally seen on both the pore plate (Figure 8E) and the
posterior sulcal plate (Figure 8H).

Cells of A. ostenfeldii were variable in size and shape
(Figures 8J–R), with most cells being round to slightly ellipsoid
(Figures 8J,K). Cell length ranged from 27.7 to 43.1 µm (mean
35.4 ± 4.5, n = 30) and width from 27.4 to 42.6 µm (mean
34.7 ± 4.2, n = 30). The plate pattern (Figures 8L–P) and the
typical shape of the first apical plate and the large ventral pore
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FIGURE 3 | (A) Abundance, biomass, and chlorophyll a concentration of phytoplankton and (B) abundance of heterotrophic protists in the study stations in
September 2015.

(Figures 8L,M) clearly identified all three strains as A. ostenfeldii.
The right anterior margin of plate 1’ was straight. The shape of
the anterior sulcal plate sa was slightly variable within all three
strains. The majority of cells had a “door-latch” shaped sa plate
but more “A-shaped” sa plates were also present (Figures 8Q,R).

Phylogeny
The phylogenetic analysis for Alexandrium ostenfeldii including
three strains isolated in this study (H-2-A4, H-1-G8, and H-
3-D4) revealed a tree with seven distinct phylogenetic groups.
All three strains isolated in this study from the Argentine
Sea formed a well-supported (ML 96%) monophyletic group
within a larger cluster of sequences that consists of the groups
5, 6, and 7 (Figure 9). The three strains of Alexandrium
ostenfeldii were identical in the sequence of the LSU-fragment
analyzed. The dissimilarity with the next neighbors in the tree
(group 5) was ∼0.5%. All other groups displayed a higher
dissimilarity peaking at 2% for the isolate from the Bohai Sea
in China. The phylogenetic placement of H-3-D10 (not shown)
identified this strain as Alexandrium catenella (=group I of the
former A. tamarense/A. fundyense/A. catenella species complex).
The dissimilarity of H-3-D10 with group II of the former
A. tamarense/A. fundyense/A. catenella species complex was in
the range of 5%.

Phycotoxins in Field Samples
Paralytic shellfish poisoning toxins were detected in plankton net
tows at stations 4, 15, 17, 21, and 33 at relatively low abundances

ranging between 114.4 ng NT−1 at station 33 and 2593.8 ng NT−1

at station 17 (Figure 10). The toxin profiles were dominated by
gonyautoxin-1 and -4 (GTX1/4) at stations 15, 17, and 21. In
addition to GTX1/4, C1/2, and GTX2/3 were detected at almost
the same relative abundances at all five stations (Figure 10).

Lipophilic toxins were present at low abundances during
the expedition [Figure 6, gymnodimine A (GYM) is not
shown]. Domoic acid (DA) was found only at stations 15
and 17 at abundances of 2.0 and 6.1 ng NT−1, respectively.
The second-least abundant phycotoxin was GYM, found only
at station 3 at an abundance of 45.4 ng NT−1. SPX-1 was
found at stations 17, 21, and 33 at abundances ranging from
0.5 ng NT−1 at station 21 to 143.6 ng NT−1 at station 33.
The most-dominant lipophilic toxin in terms of geographic
distribution and abundance was PTX-2, which was detected
at stations 4, 5, 15, 17, 21, and 33 at abundances ranging
from 15.6 ng NT−1 at station 5 to 5684.4 ng NT−1 at
station 21.

Toxin Profiles of Alexandrium Isolates
The toxin profile of Alexandrium catenella strain H-3-D10
was dominated by C1/2 (72%), followed by GTX1/4 (15%),
neosaxitoxin (NEO, 9%), GTX2/3 (2%), and saxitoxin (STX, 2%)
(Figure 11). Also, the three A. ostenfeldii strains H-1-G8, H-3-D4,
and H-2-A4 were producers of PSP toxin with a quantitatively
different PSP profile than A. catenella H-3-D10. In contrast to
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FIGURE 4 | Relative (A) abundance and (B) biomass of the main phytoplankton groups identified at the study stations in September 2015.

A. catenella, the most abundant toxins of the three A. ostenfeldii
strains were GTX2/3 followed by C1/2 and STX (Figure 11).

In addition to PSP toxins, the three A. ostenfeldii strains also
produced spirolides (Figure 12). The most-abundant spirolide
among all three strains was SPX-1 ranging between 83 and
93% of total spirolides, followed by a novel spirolide with the
pseudo-molecular [M + H]+ ion m/z 592 ranging between
3.5 and 11.5%, which was named here spirolide M. All three
A. ostenfeldii strains additionally contained five further spirolides
as minor compounds: 27-hydroxy-13-desmethyl spirolide C and
four, yet, uncharacterized spirolides named compounds (1) to (4)
(Figures 11, 12).

DISCUSSION

Environmental Conditions and
Distribution of Plankton
The variability of hydrographic conditions in El Rincón has
been ascribed to the seasonal influence of water mass currents
along the shelf and shelf breakfronts, river discharges into the
shallow area, and anthropogenic activities along the coastline
(e.g., Lucas et al., 2005; Palma et al., 2008). In this study, the lower
temperature and salinity registered at middle-shelf resulted from
the influence of colder Subantarctic shelf waters diluted by low
salinity discharges from the Magellan Strait (Palma and Matano,

2012), while the higher water temperatures in the shallow area
of El Rincón were due to the northward outflow of high salinity
and warmer waters from the San Matías Gulf into the inner-shelf
(Palma et al., 2008). The freshwater discharges of the Negro and
the Colorado Rivers (Lucas et al., 2005) were detected in situ at the
coastal stations near their deltas, while the influence of the highly
eutrophic and hypersaline Bahía Blanca Estuary (Guinder et al.,
2010; López Abbate et al., 2015) was notable at stations 1 and
12, where the in situ salinities reached the maxima. A particular
characteristic of El Rincón area is the formation of an anticyclone
gyre in the center during winter, which looses intensification
when nearing spring and summer (Palma et al., 2008). Lower
concentrations of phytoplankton were found in the center of
El Rincón, where the anticyclone gyre developed. Conversely,
the growth of large diatoms with high carbon biomass at most
coastal stations might be related with nutrient inputs from land
such as the Bahía Blanca Estuary (Guinder et al., 2010; Kopprio
et al., 2017; López Abbate et al., 2017) as well as with the mixed
and turbid water column (Litchman and Klausmeier, 2008)
characteristic of this shallow area (Guinder et al., 2009; Delgado
et al., 2015). In eutrophic estuaries and adjacent coastal shelves,
diatoms commonly dominate the phytoplankton, and this group
is of high nutritional quality and facilitates efficient trophic
transfer to support the secondary production (Winder et al.,
2017). Dinoflagellates, the second-most abundant phytoplankton
group in the area and dominant at the stratified middle-shelf
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FIGURE 5 | Distribution of the abundance (in cells L−1) of the main protists’ groups (cells >5 µm) in the inner-shelf and at the two middle-shelf stations in September
2015. Dinoflagellates P: phototrophic, dinoflagellates H: heterotrophic.

stations (e.g., Carreto et al., 2016) also represent high food
quality for higher trophic levels (Winder et al., 2017), except
if they are toxigenic species (see section Lipophilic Toxins and
Potential Producers in Field Samples). The high concentrations
of heterotrophic protists (dinoflagellates and ciliates) at the
middle-shelf might be related with an earlier phytoplankton
bloom followed by zooplankton grazing (García et al., 2008;
Carreto et al., 2016). Some particular species of dinoflagellates
such as Scrippsiella sp. and Heterocapsa sp. were abundant at
the coastal stations close to the Bahía Blanca Estuary (stations
1 and 2) and sandy beaches (stations 12–13), where these
species have been commonly registered and associated with
mixed and highly turbid waters (e.g., Guinder et al., 2010;
Delgado et al., 2018). Similarly, the dinoflagellate Prorocentrum
minimum was frequently found at several shallow stations of El
Rincón, in agreement with the detection of this species blooming

in weak stratified subantarctic waters (Gómez et al., 2011).
Further, coccolithophore species, tintinnids, and naked ciliates
also displayed differential distribution across the coastal middle-
shelf transition, likely related to their specific ecological traits
under different environmental conditions (e.g., Le Quéré et al.,
2005; Litchman and Klausmeier, 2008).

Considering that remote sensing chlorophyll data are often
used as a proxy of phytoplankton biomass (Delgado et al.,
2015), it is worth noting that in this study, abundance (in
cells L−1) and biomass (cell carbon content in µg C L−1) of
phytoplankton were only weakly correlated with chlorophyll.
This might be related with the relatively high abundance of
pico- and ultra-phytoplankton (<5 µm) characteristic of El
Rincón (Negri et al., 2013), but it was not measured in this
study and with the adjustment of the cell content of chlorophyll
to fluctuating turbidity and underwater light conditions typical
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FIGURE 6 | Left panels: distribution of the potential toxigenic diatom Pseudo-nitzschia spp. and the dinoflagellate Alexandrium spp; and the ciliate Mesodinium
rubrum (prey of Dinophysis spp.) (green); right panels: distribution of the respective phycotoxins in September 2015 (red). DA, domoic acid; PST, paralytic shellfish
toxins; SPX-1, 13-desmethyl spirolide C (yellow); and PTX-2, pectenotoxin-2 (produced by Dinophysis).

of this coastal area (Guinder et al., 2009; Delgado et al.,
2018).

Lipophilic Toxins and Potential
Producers in Field Samples
In the present study, in agreement with historical records
(Carreto et al., 1981), the detection of phycotoxins and their
producers indicates the occurrence of HABs in a highly
productive area of the Argentine shelf causing potential risk for
marine biota and human welfare. The spatial heterogeneity of El
Rincón seems to provide multiple niches for the development of
diverse phytoplankton ecological traits including the production
of toxins. Even in late winter, a number of lipophilic toxins were
detected during the cruise. The amino acid domoic acid (DA) is
produced by several species of the diatom of genera Nitzschia and
Pseudo-nitzschia (Trainer et al., 2012). Here, blooms of Pseudo-
nitzschia spp. were identified, but the low detection of domoic

acid in the field could be related to the high species richness of this
genus in the Argentine Sea (∼39–47◦S), where half of them are
non-toxigenic species (four of a total of eight described species;
Almandoz et al., 2017). Identification of Pseudo-nitzschia up to
species level by light microscopy is hardly possible and thus a
correlation of Pseudo-nitzschia and DA is difficult. Furthermore,
environmental factors influence the production of DA in Pseudo-
nitzschia. A recent study has shown that DA production in a
Pseudo-nitzschia species previously regarded as non-toxic was
induced by the presence of herbivorous copepods (Harðardóttir
et al., 2015). Additionally, mismatch between Pseudo-nitzschia
and DA in the field samples could rely also on the sampling
scheme. Samples for toxin analysis were obtained by horizontal
plankton net tows, while cell counts were performed on Niskin
bottle samples from discrete depth.

The most abundant toxin was PTX-2, which is produced
by several species of the genus Dinophysis (Reguera et al.,
2014). No cells of Dinophysis were detected in bottle samples
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FIGURE 7 | (A) Cluster analysis based on Bray-Curtis similarity index of the plankton community at the study stations of El Rincón in September
2015.The abundance of the species (cells L−1) was transformed using log (x + 1). (B) The resulted groups from the SIMPROF are shown in the map of the study area.

indicating an overall abundance below the detection limits
of the sedimentation counting method. In the horizontal net
samples, however, cells of D. tripos, and some of D. acuminata
only at station 15, were found in co-occurrence with PTX-
2 (Figure 6). A comparable link of Dinophysis tripos with
PTX-2 was found by Fabro et al. (2015) in the Argentine Sea
(∼38–56◦S) in late summer, albeit at higher cell abundances
and lower concentration of PTX-2 compared to this study. In
late winter, potential predators of Dinophysis, such as Noctiluca
scintillans and Gyrodinium spp., were also found abundant in net
samples, especially at stations 17 and 21. Moreover, Dinophysis
generally co-occurred with the ciliate Mesodinium rubrum, the
obligate prey of this dinoflagellate (Park et al., 2006), which

indicates potentially good growth conditions for Dinophysis.
The dinoflagellate genus Alexandrium was found in relatively
low abundance in the field. Cells of Alexandrium spp. were
found in the shallow area of El Rincón and at the two
middle-shelf stations. This is in agreement with previous studies
that documented a wide distribution of the genus under
contrasting physical conditions at a wide latitudinal range of
the Argentine shelfbreak front (Carreto et al., 1998; Montoya
et al., 2010; Almandoz et al., 2014; Fabro et al., 2017). The
presence of cells of Alexandrium spp. in the field was related
with the detection of PSP toxins, in particular, A. ostenfeldii
and the spirolide SPX-1 (Figure 6). Furthermore, the most
abundant toxins produced by the Alexandrium isolates (C1/2,
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FIGURE 8 | Alexandrium spp. morphology. (A–I) A. catenella (H3-D10). Bright field images of (A) lugol-stained or (B) living cell. Epifluorescence images of
calcofluor-stained cells showing (C–G) the plate pattern, and (H) details of the posterior and (I) anterior sulcal plate. Note in (D) the ventral pore (vp) and in (E) the
attachment pore on the pore plate (white arrow). (J–R) A. ostenfeldii (H-3D4). Bright field images of (J) lugol-stained or (K) living cell. Epifluorescence images of
calcofluor-stained cells showing (L–P) the plate pattern, and (Q,R) details of the anterior sulcal plate. Vp, ventral pore; Po, pore plate. Plate labels according to the
Kofoidean system. Sulcal plates abbreviations: sp, posterior sulcal plate; ssp, left posterior sulcal plate; sdp, right posterior sulcal plate; smp, median posterior sulcal
plate; sda, right anterior sulcal plate; ssa, left anterior sulcal plate; sma, median anterior sulcal plate; sa, anterior sulcal plate. Scale bars = 10 µm (A–C,E,F,J–L,N,O)
or 5 µm (D,G–I,M,P–R).
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FIGURE 9 | Phylogenetic tree of Alexandrium ostenfeldii.

FIGURE 10 | The PSP toxins detected in net hauls of plankton. Note that the water columns sampled at different stations were not normalized and quantitative
comparisons among stations are not possible.

GTX2/3, and SPX-1) were also detected in the samples of
plankton.

Phylogeny of Alexandrium Strains
In the Argentine Sea, the genus Alexandrium has been registered
in a wide latitudinal area (∼37–55.5◦S) either near the coast,
middle-shelf, and shelfbreak front, not only mainly in spring,

but also in autumn and summer (e.g., Balech, 1995; Carreto
et al., 1998; Gayoso and Fulco, 2006; Montoya et al., 2010).
Most of the species identified by microscopy and/or molecular
analyses belong to the A. tamarense/catenella/fundyense complex
(Fabro et al., 2017 and references therein). In previous studies,
there was only one strain of the A. tamarense/catenella/fundyense
species complex isolated from the Argentine shelf that has

Frontiers in Marine Science | www.frontiersin.org 14 November 2018 | Volume 5 | Article 39488

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-05-00394 November 10, 2018 Time: 13:44 # 15

Guinder et al. Toxic Plankton in the Argentine Shelf

FIGURE 11 | Profiles of the toxin of four Alexandrium isolates.

been genetically characterized and identified as ribotype group I
(which now in the new nomenclature of the genus is A. catenella),
that is, the strain MDQ1096 isolated from the coast of Mar
del Plata (∼38◦S), 500 km north of the Bahía Blanca Estuary
(Carreto et al., 2001; Penna et al., 2008). In addition, the sequence
analyses of the two strains, H5 and H7, isolated from the San
Jorge Gulf (∼45–47.5◦S) in autumn 2012, and reported in the
old morphological terminology as A. tamarense by Krock et al.
(2015), are now confirmed to be A. catenella, that is, ribotype
group I of the A. tamarense/catenella/fundyense species complex
(Metfies and Tillmann, unpublished). Genetic analysis has shown
that the strain MDQ1096 has the same D1–D2 LSU rRNA gene
sequences as the A. catenella from Chilean waters and from the
Southeast Pacific (Lilly et al., 2007; Aguilera-Belmonte et al.,
2011). All these studies carried out in the Argentine continental
shelf over the last decades support the apparent dominance of
A. catenella over other Alexandrium species in that area and
further suggest that its population reaches wide distribution in
the Southern Hemisphere.

The new sequence data of the Argentine Sea Alexandrium
ostenfeldii strains in the LSU phylogenetic analysis added a new
and well-supported ribotype group to the six groups identified
previously (Kremp et al., 2014; Salgado et al., 2015; Van de
Waal et al., 2015). The general clustering of the sequences
is in agreement with previous phylogenetic analyses based on
concatenated rDNA (Orr et al., 2011; Kremp et al., 2014)
with two main clusters, where groups 1 and 2 are forming
one cluster and the other groups are forming another cluster.
Groups 1 and 2 subsume strains from various parts of the
globe with all strains from group 1 originating from low-
salinity environments. Strains of group 2 originate from coastal
embayments and estuaries of Ireland, the United States, and
the Spanish Mediterranean. In contrast, grouping of strains
in groups 3–7 seems to match their geographic distribution,

with group 3 representing Japan, group 4 from New Zealand,
and group 5 with strains from the North Atlantic up to the
Greenland coast. For strains currently unified in group 6, a
further substructure into a clade with strains from the North
Sea (including adjacent fjords as Oslofjord and Limfjord) and
another clade with strains from the South Pacific (Chile, Peru) is
indicated, but only weakly statistically supported by a bootstrap
value of 61. The separate placement of our first Argentinean
A. ostenfeldii, representing the first data from the South Atlantic,
perfectly fits into such a picture of geographically separated
A. ostenfeldii populations.

PSP Toxin Profiles in Field Samples and
Toxin Profiles of Alexandrium Isolates
It is noteworthy that the quantitative field profiles of the PSP
toxin did not match the relative abundance of PSP toxins of
the Alexandrium strains isolated during this expedition. The
PSP profiles of all three A. ostenfeldii strains were dominated
by GTX2/3, whereas the PSP profile of the A. catenella strain
was dominated by C1/2. In contrast, the profiles of the toxin
of stations 15, 17, and 21 were dominated by GTX1/4. The
GTX1/4 were not detected at station 33, but only C1/2 and
GTX2/3 were detected (Figure 10). However, it is reasonable to
assume that GTX1/4 was present, but not detected as its limit
of detection (LOD) is much higher than the LOD of C1/2 and
GTX2/3. The GTX1/4 were only produced by the A. catenella
strain, but at a lower abundance as C1/2. This toxin profile is
consistent with profiles previously reported of A. catenella in the
region (Montoya et al., 2010; Krock et al., 2015). Interestingly,
the discrepancy between the profiles of the PSP toxin of isolated
strains and that of the field samples of the plankton in the
Argentine Sea observed here (Figures 10, 11) has been seen
previously (Montoya et al., 2010) and may indicate either a
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FIGURE 12 | Collision-induced dissociation (CID) spectra of the spirolides detected in A. ostenfeldii: (A) SPX-1 (13-desMethyl-spirolide C), identical with spectrum
shown in Sleno and Volmer (2005), (B) 13/19,31-didesMethyl-spirolide C, (C) 27-Hydroxy-13-desMethyl-spirolide C, (D) Spirolide M, (E) compound 2, (F)
compound 3, and (G) compound 4.
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change in production of toxins in relation to growth conditions
of the culture or may be related with an unexplored diversity
of PSP-producing organisms in the SW Atlantic. There are few
previous reports of the toxin profiles of A. ostenfeldii of the SW
Atlantic. The presence of A. ostenfeldii at higher latitudes of the
Patagonian shelf has been well known for a long time (Balech,
1995), and this has been recently reaffirmed (Fabro et al., 2017),
but no strains were isolated for toxinological studies. The only
available strain to compare our data with is an A. ostenfeldii
strain isolated from the Beagle Channel (54◦ S) (Almandoz et al.,
2014) that did not produce PSP toxins, but only spirolides. In
addition to the lack of production of PSP of the strain from the
Beagle Channel (BC), the profiles of the spirolide of the BC strain
and the three strains of this expedition were quite different: the
BC strain was reported to produce SPX-1, 20-methyl spirolide-
G and an unknown spirolide with m/z 592, whereas the three
strains investigated in this work produced SPX-1 [retention
time (RT) 12.3 min], 27-hydroxy-13-desmethyl spirolide-C (RT
12,6 min), spirolide-M (RT 12.7 min), and four undescribed
spirolides (Figure 11). The only common spirolides in strains
from both areas are SPX-1 and spirolide-M with m/z 592 (see
in the following). The CID spectrum of the unknown spirolide
m/z 592 reported by Almandoz et al. (2014) and spirolide-M
show identical fragments (Figure 12D; Almandoz et al., 2014).
Moreover, the chromatographic behavior of spirolide-M and
the unknown m/z 592 is consistent as both compounds elute
after SPX-1, which in addition to the mass spectrometric data
is a strong evidence that spirolide-M is also present in the BC
strain.

Description of Novel Spirolides
The three A. ostenfeldii strains isolated from the Argentine
shelf produced five novel spirolides, which highlights the large
structural variability of this class of toxin. Compound (1)
(m/z 678, RT 11.9 min) shares its molecular mass and most
fragments of the CID spectrum with 13,19-didesmethyl spirolide
C (13,19-didesMe SPX C). An obvious difference between
both CID spectra is the cycloimine fragment, which is m/z
164 in the case of 13, 19-didesMe SPX C and m/z 150 in
the case of compound (1). The fragment m/z 150 is typical
for A-type spirolides that are lacking the methyl group at
C31 (Hu et al., 2001). Given this evidence, it is reasonable
to assume that the missing methyl group at C31 is located
at a different position such as C13 or C19 that are often
methylated in spirolides. However, the exact position of the
shifted methyl group cannot be determined by mass spectrometry
alone.

With the pseudo-molecular [M + H]+ ion m/z 592, spirolide
M (SPX M) is the smallest yet reported spirolide. The difference of
the mass in comparison with the next bigger spirolide (spirolide
H, m/z 650; Roach et al., 2009) is 58 Da. In comparison with the
CID spectrum of spirolide H (SPX H), only two water losses from
the pseudo-molecular ion are observed (m/z 574 and 556) instead
of three in the CID spectrum of SPX H. The difference in the mass
between the [M + H]+ ion and the midmass fragment of SPX M
is 248 Da (m/z 592 > 344), which is typical for spirolides of the
C-type and SPX H. The loss of 248 Da is clear evidence that the

C1-C11 part of SPX M must be identical to SPX H. Additionally,
the spectrum of SPX M shows the identical small fragments of
the cycloimine moiety (m/z 164, 177, and 204), which leads to
the conclusion that the cycloimine ring with its five adjacent C
atoms is also identical to SPX H. However, the CID spectrum of
SPX M displays a fragment m/z 244 that is 14 Da higher than
the fragment m/z 230 of SPX H. These mass spectral elements
are consistent with a structure identical to SPX H with the
difference of SPX M containing a dimethylated monospiroketal
ring instead of the dispiroketal ring system of SPX H. However,
most spirolides possess trispiroketal ring systems; only SPX H
and I have dispiroketal ring systems. In contrast, SPX M is the
first spirolide to be reported to have only a monospiroketal ring.

The difference in mass of compound (2) (m/z 618, RT 13,
6 min) to the closest known spirolide in terms of molecular mass
SPX H is 32 Da. Similar to SPX M, compound (2) also eliminates
248 Da from its [M + H]+ ion, which indicates a conserved
structure in the C1-C11 part of the spirolide such as SPX C and H.
However, the CID spectrum of compound (2) shows a fragment
m/z 190, which has not been observed in other spirolides. Most
spirolides form a m/z 164 fragment or a m/z 180 fragment in the
case of a 27-hydroxylation. However, a fragment m/z 190 has not
been observed in spirolides and thus it is difficult to interpret
without additional information.

Compound (3) has the pseudo-molecular ion of m/z 710
(RT 12.50 min) and differs from the previous spirolides by a
mass difference of 266 Da (instead of 248 Da) between the
[M+H]+ ion and the midmass fragment m/z 462. This cleavage
has not been detected in other spirolides, but can be explained
by a hydroxylation and a reduction of a double bond between
positions C1-C11. These hypothetical changes applied to SPX-
1 would in fact result in a pseudo-molecular ion m/z 710.
Nevertheless, there still must be other structural differences
between SPX-1 and compound (3), because compound (3)
produces the fragments m/z 230 and 258, which are not observed
in the CID spectrum of SPX-1. Fragment m/z 258 is also formed
by 20-methyl spirolide G, which has a 6-6-5 trispiroketal ring
system instead of the 6-5-5 trispiroketal ring system of most
other spirolides. An exact structure of compound (3) cannot be
assigned by mass spectral data alone.

Compound (4) shows a pseudo-molecular ion of m/z 718 (RT
13.0 min) differing from compounds (1–3) by a mass difference
of 266 Da between the [M + H]+ ion and the midmass fragment
m/z 452. Accordingly, it can be deduced that compounds (3) and
(4) share the same structural element between positions C1-C11.
These changes applied to SPX-1 would result in a hypothetical
pseudo-molecular ion of m/z 710, which is 8 Da less than the
actual observed ion m/z 718. Since the cycloimine fragments
m/z 164 and 204 are conserved in (4), identical structures of
the cycloimine moiety between SPX-1 and compound (4) can
be deduced. This means that an additional structural difference
between SPX-1 and compound (4) must be located in the
trispiroketal ring system. Full structural elucidation of the novel
compounds can only be achieved by NMR spectroscopy that
was not applicable in this case, because of the need for purified
compounds in the microgram range, which was impossible to
achieve within this study.
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FINAL REMARKS

So far, this is the first study in the shelf area of El Rincón
that contemplates in detail the composition and the structure
of the plankton community >5 µm, including phototrophic
and heterotrophic protists. Under the growing need for
the global plankton register to assess community changes
and their underlying drivers, our study provides baseline
information of plankton state in a highly productive area of
the Global Ocean. Moreover, our work highlights the necessity
of combining complementary approaches in plankton studies
to address the diversity and distribution of the potential toxic
species. Morphological differentiation between the species of the
former Alexandrium tamarense/fundyense/catenella complex is
impossible and molecular sequencing is inevitable in this case
to facilitate species identification. Further integrative studies of
toxin production are needed to fully evaluate the discrepancy
between phycotoxin profiles quantified in the field and in isolated
cells grown in the laboratory. Our findings reinforce the presence
of toxigenic species in the Argentine shelf, indicating a possible
hazard for fisheries and human well-being. The first molecular
characterization of A. ostenfeldii for the SW Atlantic and the
detection of novel spirolides suggest that the Patagonian Shelf is
still an extensive underexplored area of the Global Ocean.
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A review of the dinoflagellate genus Alexandrium occurring in Brazilian coastal waters

is presented based on both published information and new data. Seven Alexandrium

species have been recorded from Brazil so far: Alexandrium catenella, Alexandrium

fraterculus, Alexandrium gaardnerae, Alexandrium kutnerae, Alexandrium tamiyavanichi,

Alexandrium tamutum, and Alexandrium sp. While A. gaardnerae and A. kutnerae

were identified based only on morphological characteristics, phylogenetic analysis (ITS

and LSU rDNA) were performed for the remaining species based on cultures and/or

field populations. Monoclonal cultures of the analyzed species were isolated from field

samples obtained from Bahia (A. tamiyavanichi, two strains), Rio de Janeiro (A. tamutum,

three strains; Alexandrium sp., two strains), Santa Catarina (A. fraterculus, one strain),

and Rio Grande do Sul (Alexandrium tamarense, three strains). This is the first record

of A. tamutum for the South Atlantic. In addition, molecular data for Brazilian strains of

A. fraterculus are presented for the first time, as well as sequences from the ITS region

for A. catenella (previously reported as A. tamarense) from Brazilian coastal waters. The

morphological characters of the three species corresponded to those typically recorded

in the literature and their identification was confirmed by molecular analysis. Based on

the LSU rDNA and ITS regions, the three strains of A. catenella showed a high degree

of similarity with strains from Southern Chile and North America. The implications and

limitations of these findings for the monitoring protocols within the global and regional

context are discussed.

Keywords: Alexandrium catenella (group I), Alexandrium tamutum, phenotypic plasticity, taxonomy, phylogeny,

paralytic shellfish poisoning

INTRODUCTION

The dinoflagellate genus Alexandrium Halim currently encompasses more than 30 species
(Anderson et al., 2012), some of them known worldwide as the causative agents of blooms and/or
production of neurotoxins associated to the Paralytic Shellfish Poisoning (PSP) syndrome (Wang,
2008; Etheridge, 2010). Recognized as the most geographically widespread algal-related shellfish
poisoning syndrome, PSP constitutes a serious human illness caused by the ingestion of seafood
contaminated with saxitoxin (STXs) and its derivatives (Deeds et al., 2008; Anderson et al., 2012).
PSP symptoms include spreading numbness and tingling sensations, headache and nausea, and in
more severe cases may cause paralysis of the muscles of the chest and abdomen leading to death
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(Etheridge, 2010). Besides the evident relevance to human health,
accumulation of PSP toxins in filter-feeding bivalves constitutes
an additional issue for the shellfish industry and fisheries
activities (Etheridge, 2010; Rhodes and Munday, 2016).

Many factors have been suggested as the cause of the
observed increase in the worldwide extension and frequency of
Alexandrium blooms and other Harmful Algal Bloom (HAB)
species, such as ocean currents, climate change, pollution, ballast
water dispersal, and colonization of newly generated niches
(Nagai et al., 2007; Matsuyama et al., 2010; Anderson et al.,
2012, 2015; Anderson, 2017; Gobler et al., 2017). It has also been
suggested that the higher number of blooms reported nowadays
is a direct result of increased monitoring activities and the
implementation of more sensitive tools to detect and prevent the
negative effects of HABs worldwide, particularly in aquaculture
areas (Anderson, 2007; Anderson et al., 2015). Both toxic and
non-toxic blooms of Alexandrium species have been reported
from distinct geographic regions, e.g., Japan (Kodama, 2010),
Mediterranean Sea (Karydis and Kitsiou, 2012), China (Lu et al.,
2014), Argentina Sea (Fabro et al., 2017), Australia (Ajani et al.,
2017), and the Bering Sea (Natsuike et al., 2017).

In Brazil, records of HABs related to human intoxications in
coastal areas increased in the last 20 years, becoming a national
issue with socio-economic repercussions (Silva et al., 2013).
Particularly, reports ofAlexandrium species in the Brazilian coast
have been intensifying (Figure 1). To date, five species were
previously identified based on light microscopy: Alexandrium
garderae Nguyen-Ngoc & Larsen [= Alexandrium concavum
(Gaarder) Balech], Alexandrium fraterculus (Balech) Balech,
Alexandrium kutnerae (Balech) Balech, Alexandrium catenella
(Whedon & Kofoid) Balech [= Alexandrium tamarense (Lebour)
Balech], and Alexandrium tamiyavanichi Balech (Balech, 1995;
Persich et al., 2006; Menezes et al., 2010). STX production has
been confirmed for isolates of A. catenella (Persich et al., 2006)
and A. tamiyavanichi (Menezes et al., 2010). A toxic bloom of
Alexandrium sp. (previously identified as Alexandrium minutum
Halim by Menezes et al., 2007) and a non-toxic bloom of
Alexandrium frateculus were recorded, respectively, in beaches
at Rio de Janeiro (Menezes et al., 2007) and Santa Catarina
(Omachi et al., 2007). Cysts of A. catenella and A. cf. minutum
were additionally detected in sediments from Patos lagoon and
Sepetiba bay, respectively (Persich and Garcia, 2003; Juliano and
Garcia, 2006). Among these studies, only Persich et al. (2006) and
Menezes et al. (2010) applied molecular techniques to study the
phylogeny and biogeography of the identified species.

Here, we present a review of the dinoflagellate genus
Alexandrium in Brazilian coastal waters, based both on available
published information and new morphological and molecular
data (28S rDNA e ITS) for A. fraterculus, A. catenella,
Alexandrium sp., and Alexandrium tamutum Montresor, Beran
& John (the latter being the first record for the South Atlantic).

MATERIALS AND METHODS

This review was based on previously published information
for A. garderae (Balech, 1995), A. kutnerae (Balech, 1995), A.

FIGURE 1 | Distribution of Alexandrium species along the Brazilian coast.

BA, Bahia; RJ, Rio de Janeiro; RS, Rio Grande do Sul; SC, Santa Catarina.

tamyavanichi (Menezes et al., 2010), and A. catenella (formerly
identified as A. tamarense by Persich et al., 2006). New
morphological and molecular data were obtained from the
analysis of monoclonal strains of A. tamutum and Alexandrium
sp. (same species identified as A. minutum by Menezes et al.,
2007) isolated from Rio de Janeiro, and A. fraterculus isolated
from Santa Catarina (Figure 1). Cells were grown using in K
medium at 16 and 24 PSU (A. tamutum), K medium at 30 PSU
(Alexandrium sp.), and F/2 medium at 34 PSU (A. fraterculus).
Cultures were maintained at 20–23◦C with photon flux density
of 70–136 µE m−2.s−1 and a 12:12-h light:dark photoperiod.
We also performed the morphological characterization and ITS
rDNA sequencing for three of the A. catenella strains (ATBR1A7,
ATBR2E, ATBR3D) used by Persich et al. (2006), and obtained
from the Woods Hole Oceanographic Institution. Finally, the
morphology of Alexandrium sp. was further re-analyzed by
scanning electron microscopy (SEM) using environmental Lugol
fixed samples obtained from the bloom recorded in 2007 from
Rio de Janeiro by Menezes et al. (2007). The precedence of all
strains/samples used here is informed in Table 1.

Morphological Analysis
The tabulation of the species was characterized by the addition
of calcofluor MR2 (10 ng ml−1) under an Olympus BX51
epifluorescence microscope (Fritz and Triemer, 1985). For SEM,
cells were harvested by filtration on 0.45µm pore acetate
membranes (Millipore). Filters were immediately fixed for 2 h
in 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer (pH
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TABLE 1 | Records of Alexandrium species in Brazilian coast.

Species Years Location Coordinates Source Strains References

Alexandrium

catenella

1997

1999

Patos lagoon estuary mouth (Rio

Grande do Sul)

32◦81′00′ ′ to

32◦82′20′ ′S;

51◦85′10′ ′ to

51◦85′50′ ′W

Cysts in sediment samples ATBRA

ATBR2B

ATBR2C

ATBR2D

ATBR2E

ATBR2F

ATBR2G

ATBR3A

ATBR3C

ATBR3D

ATBR1A7

ATBR1A10

ATBRC6

Persich et al.,

2006

Alexandrium

catenella

Cassino beach (Rio Grande do Sul) 32◦14′56′ ′S

52◦9′36′ ′W

Bloom sample (2 × 105 cells

L−1)

Odebrecht et al.,

1997

Alexandrium

fraterculus

2010 Alegre beach (Santa Catarina) 26◦46′21′ ′S,

48◦39′31′ ′W

Plankton samples AF#53 This study

Alexandrium

fraterculus

2004 Itajaí (Santa Catarina) 26◦57′03′ ′S,

48◦45′44′ ′W

Bloom sample (8.8 × 104 cells

L−1)

Omachi et al.,

2007

Alexandrium

gaarderae

Unknown Rio Grande do Sul Unknown Plankton sample Balech, 1995

Alexandrium

kutnerae

Unknown Rio Grande do Sul Unknown Plankton sample Balech, 1995

Alexandrium

tamiyavanichi

2004

2006

Porto Seguro inner coastal platform 16◦36′S,

39◦05′W

Plankton samples A1PSA

B2PSA

PSII

Menezes et al.,

2010

Alexandrium

tamutum

2013

2014

Guanabara bay, (Rio de Janeiro) 22◦81′16′ ′S

43◦15′45′ ′W

Plankton samples (1 × 106 cells

L−1)

UFRJ-MN03

UFRJ-MN04

RJ_BG

This study

Alexandrium sp. 2007 Leblon beach (Rio de Janeiro) 22◦54′14′ ′S

43◦13′16′ ′W

Bloom samples (4.3 × 105 L−1) Menezes et al.,

2007

Alexandrium sp. 2014 Guanabara bay (Rio de Janeiro) 22◦81′16′ ′S

43◦15′45′ ′W

Plankton samples (6.7 × 105

cells L−1)

UFRJ-MN01

UFRJ-MN02

This study

Strains analyzed in this study are depicted in bold.

7.2). After that, they were washed three times (10min) using the
same buffer and postfixed in 1% osmium tetroxide in sodium
cacodylate buffer (pH 7.2). Filters were finally dehydrated in
an ascending ethanol series of 10min each 35, 50, 70, 90, and
100%, followed by two washes for 10min each in 100% ethanol,
critical-point dried (CPD 020 Balzers Union). Dried filters were
mounted on stubs, coated with gold (Balzers/Union FL-9496),
and viewed with a JEOL 5310 scanning electron microscope
(Akishima, Tokyo, Japan). The metric data that represented
outliers for minimal and maximal cell dimensions were shown
in parentheses.

PCR Amplification and DNA Sequencing
DNA from A. tamutum and Alexandrium sp. was extracted
from exponentially growing cultures using NucleoSpin R© Plant
II extraction kit (Macherey-Nagel GmbH & Co., KG, Germany)
following the manufacturer’s protocol. The ITS (including 5.8S
rDNA gene) and LSU (D1–D3) regions of rDNA were amplified
using primers ITSA/ITSB (Sato et al., 2011) and D3F/D1R
(Scholin et al., 1994; Litaker et al., 2003), respectively. The
PCR mix (25 µl final volume) contained 1U GoTaq R© DNA

polymerase (Promega, Madison, WI, USA), 1X GoTaq R© Flexi
buffer (Promega), 1.25mMMgCl2 solution (Promega), 0.16mM
dNTPs (Thermo Scientific Inc., USA), 8 pmol of each primer, 0.2
µg of Bovine Serum Albumin (BSA) (New England Biolabs Inc.),
and ∼15 ng genomic DNA. The PCR protocol was as follows:

initial denaturation for 5min at 94◦C, followed by 35 cycles of

1min denaturation at 94◦C, 1min annealing at 50 and 55◦C (ITS
and LSU rDNA, respectively), and 1min extension at 72◦C, plus a

final extension of 5min at 72◦C. The PCR products were purified

and sequenced by Macrogen (Seoul, Korea) in both directions
using the PCR primers. The sequences obtained were deposited
in GenBank (Supplementary Tables S1, S2).

DNA extraction from A. fraterculus strain was performed
using a modified CTAB protocol (Lebret et al., 2012), whereas
DNA extracts from fixed samples of A. catenella strains were

obtained using a modified guanidinium isothiocyanate protocol

(Alves-de-Souza et al., 2011). Both ITS and LSU (D1–D3)
regions of rDNA were obtained for A. fraterculum whereas

only ITS rDNA sequences were obtained for A. catenella
using the same primer mentioned above. For both species,
the PCR mix (15mL final volume) contained 1–6mL of the
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DNA extract, 330mM of each deoxynucleoside triphosphate
(dNTP), 2.5mM of MgCl2, 1.25U of GoTaq1 DNA polymerase
(Promega Corporation), 0.17mM of both primers, 1X reaction
buffer (Promega Corporation). PCR protocol included an initial
denaturating step at 95◦C for 5min, 35 cycles at 95◦C for 1min,
annealing at 55◦C for 45 s, extension at 72◦C for 1min 15 s,
with a final extension step at 72◦C for 7min. PCR products
were purified using the ExoSAP-IT kit (USB) following the
manufacturer’s recommendations and directly sequenced on an
ABI Prism 3100 automatic sequencer (Applied Biosystems).

Phylogenetic analyses were performed for each
rDNA region (ITS and LSU) individually. Alexandrium
sequences obtained from this study and from GenBank
(Supplementary Tables S1, S2) were aligned using the online
package MAFFT version 7 (https://mafft.cbrc.jp/alignment/
server/) followed by manual editing. The Maximum Likelihood
(ML) analyses were conducted using the software MEGA 7.0
(Kumar et al., 2016). The evolutionary models used were the
Hasegawa-Kishino-Yano model (HKY) for ITS rDNA and the
Tamura-Nei model (TN93) for LSU rDNA, both with gamma
distribution. These models were the best available for the tree of
the rDNA region data (ITS and LSU). All positions containing
gaps and missing data were eliminated. The robustness of the
inferred topology was tested by bootstrap resampling (1,000
replicates). Bayesian inferences (BI) were obtained with the
software MrBayes 3.2 (Ronquist et al., 2012). Rather than
selecting a nucleotide substitution model by a priori model
selection, we used the “lset nst = mixed” Markov Chain Monte
Carlo procedure, consisting of two independent trials with
four chains. The chains were run for 5,000,000 generations
and sampled every 100th cycle. Posterior probability (PP)
values for the resulting 50% majority rule consensus tree were
estimated after discarding the first 25% of the trees as burn-in.
All trees were rooted using Alexandrium lee and Alexandrium
diversaporum sequences as outgroup.

RESULTS

Based on both published information and the new data, seven
Alexandrium species have been identified from Brazilian coastal
waters so far (Figure 1, Table 1). Except for A. catenella and
A. fraterculus, which were reported for different locations in
Rio Grande do Sul and Santa Catarina (southern Brazil), the
other five species were recorded only once for the northeast (A.
tamiyavanichi), southeast (Alexandrium sp., A. tamutum), and
south (Alexandrium gaardnerae and A. kutnerae) parts of the
country. This is the first report of A. tamutum for the South
Atlantic.

Morphology
Alexandrium catenella (Figures 2A,B)

Cells isodiametric (40–50µm long, 30–50µm wide). The first
apical plate (1′) was irregularly rhomboidal connected direct or
indirectly to the apical pore (Po). The third apical plate (3′) was
asymmetrical and the ventral pore (v.p.) was always located along
the margin between plate 1′ and plate 4′. The posterior sulcal
plate (s.p.) was always pentagonal without a connecting pore.

The morphology of the three isolates agreed with the
description reported by Balech (1995) for the morphospecies
A. tamarense. No morphological variability regarding
presence/absence of the both v.p. and s.p. connecting pore.
Although previously identified as A. tamarense (Persich et al.,
2006), these three isolates along with others from South and
North America (A. tamarense complex group I, sensu John et al.,
2014) should be currently named as A. catenella (Prud’homme
van Reine, 2017). Besides the three isolates analyzed in this
study, Persich et al. (2006) analyzed the toxin content of ten
more strains isolated from the same locality (Patos Lagoon
estuary) (Table 1). These isolates showed toxicity from 7.07 to
65.92 pg STX eq cell−1 and total toxin content ranged from 42
to 199 fmol cell−1. Toxin C1,2 was predominant in most of the
strains, comprising up to 78.4% of the total toxins (Persich et al.,
2006). More recently, high concentrations of PSP toxins (601.13
to 3.199.6 µg STX eq.kg−1) were detected in bivalves (Perna
perna and Crassostera gigas) on October 2017 from several
coastal locations in Santa Catarina (http://www.cidasc.sc.gov.
br/defesasanitariaanimal/). These PSP levels were associated
with the presence of A. tamarense morphospecies complex in
the plankton (7,350–11,750 cells L−1) and lead to the closure
of all mariculture farms in the area for ∼2 months. Although
several toxic Alexandrium species have been previously reported
in Brazil, this is the first record of high PSP toxins in shellfish
associated to a species of this genus.

Alexandrium fraterculus (Figures 2C–E)

Chains formed by of 2–8 isodiametric, pentagonal cells (30–
40µm long, 30–40µm wide). The first apical plate (1′) was
directly attached to the Po. The ventral pore (v.p.) was located
in the middle of the right margin, in the suture with the fourth
apical plate (4′). The posterior sulcal plate (s.p.) was isodiametric,
rhomboidal with a large connecting pore located in the center of
the plate. The anterior sulcal plate (s.a.) was slightly longer than
it was wide, with a deep posterior sinus.

No toxicity was found in the analyzed strain (L.A.O. Proença,
personal communication).

Alexandrium gaarderae

This species was reported by Balech (1995) based on
environmental samples from the Brazilian coast as A. concavum
(locality not informed), along with a description but no
illustrations. Cells were 50–81µm long, 45–64.5µm wide. The
first apical plate (1′) was rhomboidal, connected indirectly or
directly to the apical pore (Po). A ventral pore (v.p.) occurred
enclosed within the right margin of 1′. The posterior sulcal plate
(s.p.) was longer than wide, symmetrical.

Alexandrium kutnerae (Figure 2F)

This species was described by Balech (1995) as having rounded
cells, 51–65 long, 41–57 wide. The first apical plate (1′) is
connected directly or indirectly to the apical pore (Po). A ventral
pore (v.p.) occurs inside of the first apical plate (1′). The anterior
sulcal plate (s.a.) had a quadrangular or hexagonal precingular
part (p.pr.). The posterior sulcal plate (s.p.) was longer than wide,
symmetrical, without an attachment pore.
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Alexandrium tamiyavanichi (Figures 2G–K)

This species was characterized by Menezes et al. (2010) as having
small and rounded cells, sometimes slightly wider than long, 31–
41µm long and 26–35µm width. A small ventral pore (v.p.)
occurred within the right margin on the first apical plate (1′).
The anterior sulcal plate (s.a.) showed a triangular precingular
part (p.pr). The posterior sulcal plate (s.p.) was longer than wide,
symmetrical, with an attachment pore.

Six PSP toxins have been identified for one A. tamiyavanichi
strain (A1PSA): STX, Neo-STX, GTX4, GTX3, dcGTX2, and
dcGTX3. STXwas themain toxin (16.85 fmol. cell−1), accounting
for 67.06%) of the overall cell toxin content (Menezes et al., 2010).

Alexandrium tamutum (Figures 3A–J)

Cells were ovate to spherical, 20.1–35.0µm long, and 19.2–
33.6µmwide. The thecae surface was smooth and very thin. The
first apical plate (1′) was rhomboidal with a direct connection
to the APC and posterior margin straight. A ventral pore was
present on the anterior right margin of the 1′ plate. The sixth
precingular (6′′) plate was pentagonal, longer than wide or wider
than long. Apical pore complex (APC) with comma-shaped. The
anterior sulcal plate (s.a.) was longer than wide with anterior
margin straight and posterior margin concave, often extending
to the epitheca. The posterior sulcal (s.p.) plate was wider than
long, asymmetrical, and without a posterior attachment pore.

The three analyzed strains presented cell morphology
matching with the original description of the species (Montresor
et al., 2004).

Alexandrium sp. (Figure 2L)

Cells were usually solitary, sometimes forming short chains of up
to four ovate to irregularly elliptical cells (17.1)19–31.2(32.3) µm
long, (15.2)17.1–31.2(32.3) µm wide. The sixth precingular (6′′)
plate was generally pentagonal, longer than wide, sometimes as
long as wide. The first apical plate (1′) showed a clear ventral pore
and connected directly or through a channel with the Po plate.
Epitheca surface was smooth whereas hypotheca surface showed
strong reticulation.

This species was at first identified as A. minutum by Menezes
et al. (2007) based on samples obtained from a bloom in 2007
from the Rio de Janeiro coast. However, DNA sequencing (see
Phylogenetic Analysis section) of strains recently isolated from
Guanabara bay depicting the same unusual theca ornamentation
pattern (epitheca smooth and hypotheca strongly reticulated)
indicated that both populations belong to a new Alexandrium
species, currently under description. Four analogous of STX
have been found in the cells from the 2007’s bloom: Neo-STX,
STX, GTX4, and GTX2 (Menezes et al., 2007). Neo-STX was
the dominant toxin, accounting to 83.47% of STX equivalents
(Menezes et al., 2007).

Phylogenetic Analyses
Maximum-likelihood (ML) and BI analyses based on ITS
and LSU rDNA resulted in phylogenetic trees with similar
topologies (Figures 4, 5). All phylogenies exhibited two main
clades: (i) a clade composed of the A. tamarense complex
(e.g., A. catenella, Alexandrium fundyense, Alexandrium

mediterraneum, A. tamarense, Alexandrium australiense,
Alexandrium pacificum), A. tamiyavanichi, A. fraterculus, and
Alexandrium affine sequences (ML = 86% and BI = 1.0 for
ITS rDNA; ML = 100% and BI = 1.0 for LSU rDNA), and
(ii) a clade composed of Alexandrium insuetum, A. minutum,
A. ostenfeldii, A. tamutum, and Alexandrium sp. sequences
(ML = 72% and BI = 0.98 for ITS rDNA; ML and BI < 0.5 for
LSU rDNA).

The A. tamarense complex formed a large monophyletic
group made up by sequences of A. catenella, A. mediterraneum,
A. tamarense, A. australiense, and A. pacificum (ML = 99%
and BI = 1.0 for ITS; ML = 100% and BI = 1.0 for
LSU rDNA). Alexandrium catenella sequences from Brazil
grouped with sequences of this species from USA and Chile,
North America (USA and Canada), and Japan (ML = 99%
and BI = 1.0 for ITS rDNA; ML = 100% and BI = 1.0
for LSU rDNA). Two subclades were formed inside the
A. catenella clade in trees based on ITS rDNA: a clade
composed only by sequences from Chile (ML = 99% and
BI = 1.0) and a clade composed with sequences from Canada,
USA and Norway (ML = 98% and BI = 1.0). The latter
subclade was also recognized inside the A. catenella clade
formed in the trees based on LSU rDNA (ML = 100% and
BI= 1.0).

Alexandrium tamiyavanichi formed a monophyletic clade
consisting of two different subclades. The first subclade was
formed only by sequences from Brazil (ML= 92% and BI= 0.96
for ITS rDNA; ML = 96% and BI = 0.89 for LSU rDNA
rDNA) whereas the second subclade included sequences from
Japan and Malaysia (ML = 99% and BI = 1.0 for ITS rDNA;
ML = 96% and BI = 1.0 for LSU rDNA). Alexandrium tropicale
formed a sister group of A. tamiyavanichi in the trees based
on LSU rDNA (ML = 100% and BI = 1.0). The A. fraterculus
clade grouped with the A. tamiyavanichi clade (ML = 75% and
BI= 1.0 ITS rDNA trees; ML= 98% and BI= 1.0 for LSU rDNA)
and included sequences from Brazil, New Zealand, Yellow Sea,
Japan, and Korea (ML = 100% and BI = 1.0 for ITS and LSU
rDNA).

Alexandrium tamutum sequences formed a monophyletic
group (ML = 80% and BI = 0.84 for ITS; ML = 74%
and BI = 0.9 for LSU). A subclade with a small branch
composed of sequences from Italy was observed inside the A.
tamutum clade in trees based on ITS rDNA (ML = 97% and
BI = 1.0) whereas Brazilian strains grouped with sequences
from Italy, Greenland, and United Kingdom (ML = 99% and
BI = 0.83). Alexandrium sp. sequences formed a monophyletic
group (ML = 99% and BI = 1.0 for ITS; ML = 100% and
BI = 1.0 for LSU) clearly separated from other Alexandrium
clades.

DISCUSSION

Alexandrium species reported from Brazilian coastal waters so far
have been identified based mostly on traditional morphological
features, such as plate patterns, cell size and shape, presence and
localization of the ventral pore, presence of a sulcal pore, and
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FIGURE 2 | Alexandrium species recorded from Brazil. Epifluorescence micrographs (A–C), light micrographs (D,G), scanning electron micrographs (E,H–L), and

drawing (F). A. catenella in ventral view showing ventral pore (arrowhead) (A) and antapical view (B) A. fraterculus chains, (C,D) and cell in ventral view (E), A.

kutnerae in ventral view showing ventral pore (arrowhead) (F), A. tamiyavanichi chain (G), latero-ventral view (H), epitheca inside showing apical pore complex with

anterior attachment pore (a.a.p.) (I), antapical view (J), posterior sulcal plate with a large posterior attachment pore (p.a.p.) (K), Alexandrium sp. in ventral view

showing ventral pore (arrowhead) (L). Scale = 10µm (A,B,E,F,H–J,L), 20µm (C,D,G), 2µm (K). APC, apical pore complex; 1′, first apical plate; 6′ ′, sixth precingular

plate; s.a., anterior sulcal plate; s.p., posterior sulcal plate; a.a.p., anterior attachment pore; p.a.p, posterior attachment pore. The drawing of A. kutnerae was based

on Balech (1995).

chain formation. These morphological traits, however, are widely
variable often with overlapping or transitional forms between
species and therefore are shown to be less robust for species
discrimination (e.g. Lilly et al., 2005; Anderson et al., 2012).

Alexandrium gaarderae and A. kutnerae have been reported
only once from Brazilian coastal waters (Balech, 1995). In
addition to Brazil, A. gaarderae has been recorded from
Argentina, Gulf of Mexico, the Caribbean Sea, and Vietnam
(Balech, 1995; Larsen and Nguyen-Ngoc, 2004), whereas A.
kutnerae has records for Argentina and Western Mediterranean
(Balech, 1995; Bravo et al., 2006). While A. gaarderae has a
distinctive cell shape characterized by a conical epitheca (Larsen
and Nguyen-Ngoc, 2004), the general cell appearance of A.
kutnerae (Figure 2F) reminds as observed in the A. tamarense
complex. The presence of a pre-cingular part in the sulcal plate
(s.p.) in A. kutnerae is the main morphological characteristic
separating this species from those of the A. tamarense complex.
However, it is not clear if this feature is discriminative enough to
keep the former apart from representatives of the A. tamarense

complex. As a matter of fact, phylogenetic analysis including
ITS sequences of an isolate of A. kutnerae from the Catalan Sea
(Spain) indicated this species belongs to the A. pacificum clade
(Group IV, sensu John et al., 2014), with a high support value
(Gu, 2011).

Taxonomic and phylogenetic reviews of the genus
Alexandrium revealed several cryptic species in this genus,
not only invalidating some of the described species in the
literature but also precluding the application of a morphospecies
concept for the species circumscriptions (Lilly et al., 2007;
Miranda et al., 2012; John et al., 2014; Wang et al., 2014). An
example of that was observed in the A. tamarense complex
(formed by the morphospecies A. tamarense, A. catenella, and
A. fundyense), where species were segregated into five genetic
distinct clades, each one corresponding to a different cryptic
species: A. catenella (Group I), A. mediterraneum (Group II),
A. tamarense (Group III), A. pacificum (Group IV), and A.
australiense (Group V) (Lilly et al., 2007; Miranda et al., 2012;
John et al., 2014; Wang et al., 2014).
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FIGURE 3 | Alexandrium tamutum. Light micrographs (A,B), epifluorescence micrographs (C–G), and scanning electron micrographs (H–J). Live cell (A), cyst (B),

chloroplast autofluorescence (C), ventral view (D,E), showing the firth apical plate (1′) with ventral pore (arrow), sixth precingular plate (6′ ′), and anterior sulcal plate

(s.a.), antapical view showing posterior sulcal plate (s.p.) (F), apical pore complex (G), ventral view showing the firth apical plate (1′) and large sixth precingular plate

(6′ ′); lateral view (I), and dorsal view (J). Scale = 10µm (A–E,H–J), 5µm (F), 2µm (G).

In our morphological analysis, strains of A. catenella (Group I
sensu John et al., 2014; formerly identified as the morphospecies
A. tamarense) presented cells always with a ventral pore, which
is consistent with the A. tamarense morphospecies description
provided by Balech (1995). According to this author, the
presence of a ventral pore in the morphospecies A. tamarense
constitutes a diacritic character separating this morphospecies
from A. catenella and A. fundyense (the latter two morphospecies
lacking this feature). Stability in the presence of a ventral pore
has been observed in strains of the morphospecies A. tamarense
from Australia (MacKenzie et al., 2004), Europe (Thau Lagoon)
(Genovesi et al., 2011), and from western Greenland (Tillmann

et al., 2016), the former one corresponding to Group IV (now A.
pacificum) and the latter two to Group III (now A. tamarense).
In contrast, many studies based on wild populations and
cultures have demonstrated intermediate morphology between
A. catenella, A. fundyense, and A. tamarense morphospecies,
regarding the presence/absence of a ventral pore and/or chain
formation (for more details see Orlova et al., 2007; Wang et al.,
2008, 2014; John et al., 2014).

Phenotypic plasticity and genetic variability has been reported
for A. catenella strains (Group I) from Chile, Mediterranean Sea,
and Japan (Penna et al., 2005; Cruzat et al., 2018). Alpermann
et al. (2009) reported phenotypic and genetic variability in A.
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FIGURE 4 | Maximum Likelihood tree based on ITS rDNA sequences. Alexandrium sequences from Brazil are shown in bold. Numbers at nodes are bootstrap and

posterior probabilities values for Maximum Likelihood and Bayesian Inference analysis, respectively. Only values >50% (ML) and 0.50 (BI) are shown.
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FIGURE 5 | Maximum Likelihood tree based on LSU rDNA sequences. Alexandrium sequences from Brazil are shown in bold. Numbers at nodes are bootstrap and

posterior probabilities values for Maximum Likelihood and Bayesian Inference analysis, respectively Only values >50% (ML) and 0.50 (BI) are shown.

tamarense isolates (Group III) from the North Sea coast of
Scotland that were interpreted, respectively, as having strong
potential for adaptability of the population and evidence for a
lack of strong selective pressure on respective phenotypic traits at
the time the population was sampled. Logares et al. (2007, 2009)
reported almost identical DNA sequences for the dinoflagellate
morphospecies Peridinium aciculiferum and Scripsiella hangoei,

which are well-differentiated based on morphology (Logares
et al., 2007, 2009). Similar results were reported for P.
aciculiferum, Peridinium euryceps, and Peridinium baicalense
by Annenkova et al. (2015). These authors hypothesized that
identical sequences do not necessarily mean the same microbial
species, and these taxa are not a case of phenotypic plasticity but
originated via recent rapid diversification (radiation) into several
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species followed by dispersion to environments with different
ecological conditions (Logares et al., 2007, 2009; Annenkova
et al., 2015).

Phenotypic plasticity is a single genotype’s ability to produce
variable phenotypes in response to environmental conditions
thereby enabling it to buy additional time for adaptation to
occur (Sunday et al., 2014) and provide a mechanism for
adaptation to occur rapidly (Pigliucci et al., 2006; Ghalambor
et al., 2015). Although it is recognized that phenotypic plasticity
can increase organism survival under specific conditions, there is
no consensus on its effects on the organisms: whether they drive
the evolution of novel traits and promote taxonomic diversity, or
whether they act more on acceleration or evolutionary changes
(Pfennig and Pfennig, 2010). Little is known about the extent
of the phenotypic plasticity in Alexandrium. Studies on the
phenotypic plasticity on this genus should be addressed aiming to
respond to questions such as: Could this phenotypic plasticity be
a pre-adaptation or genetic shift after an invasive process of this
genus to different localities? Could the acclimatization process
cause definitive change in morphology?

The phylogenetic analysis of ITS and LSU rDNA sequences
corroborated that the isolates ofA. catenella from southern Brazil
belong to the clade formed by A. catenella (Group I, sensu John
et al., 2014), along with other isolates from Chile, Japan, Norway
and North America, as already pointed out by Persich et al.
(2006). The phylogeny resulted from ITS rDNA sequences also
confirmed the existence of genetic diversity within this clade
(Cruzat et al., 2018) with a subclade formed by some isolates
from Chile and a second subclade formed by isolates from the
United States, Canada and Norway. The presence of the Group
I in South America has been hypothesized as being a result of
ballast water introduction (invasive species) or natural dispersion
(see Lilly et al., 2007).

According to John et al. (2003), the ancestral population
of Alexandrium was globally distributed, diverging into the
ancestors of Groups I and II that occurred in waters off North
America and in the tropical Atlantic. Posteriorly, Group II
evolved in the tropical Atlantic, becoming distinct from the
Group I populations and later colonizing the Mediterranean
(John et al., 2003). There is evidence that Group I populations
were transported to the west coast of South America by a natural
dispersal mechanism during a period in which the weather
was substantially cooler than nowadays, e.g., as in one of the
recent ice ages (Persich et al., 2006; Lilly et al., 2007). However,
the presence of Group I on the east Atlantic coast of South
America is hypothesized to have resulted recently from Chilean
populations, given the similarity of the LSU rDAN sequences
(D1–D2) among the isolates from both sites (Persich et al., 2006;
Lilly et al., 2007), as corroborated by the our phylogeny results
based on ITS rDNA. Although Persich et al. (2006) suggested
the possibility that A. catenella (Group I) is spreading northward
by current ocean circulation patterns, environmental changes
due to global warming would likely explain the recent spread
of A. catenella to the east coast of South America (Lilly et al.,
2007).

Alexandrium tamiyavanichi from northeastern Brazilian coast
was included in a distinct clade along with isolates from Japan

and other Asian locations with medium support value, with the
Brazilian population diverging earlier (Menezes et al., 2010). One
of the hypotheses that seems plausible to explain the presence
of the species in Brazil is due to an invasion event that could
not be recent or occurred several times (Menezes et al., 2010).
Alexandrium tamiyavanichi is a tropical species but it also occurs
in warm-temperate regions such as Japan, Baja California, and
South Africa (Sierra-Beltrán et al., 1998; Ruiz-Sebastián et al.,
2005; Nagai et al., 2011). The origin of this species in Brazil could
be explain by closure of Tethys Ocean and the emergence of
the Isthmus of Panama that formed a land bridge between the
two American continents and its final closure when there was a
final interruption of the Atlantic and Pacific oceans’ connection
disrupting the flow of genes of many species (Hou and Li, 2018).
On the other hand, after the closure of Tethys Ocean the dispersal
between the Atlantic and Indo-Pacific could have occurred via
southern Africa during interglacial periods (Bowen et al., 2006).
These same hypotheses could be applied to A. fraterculus that
segregated with isolates from Japan, Korea, China, and New
Zealand, forming a sister clade of A. tamiyavanichi.

Data on the geographical distribution of A. tamutum are
still scarce. Previously recorded as Alexandrium sp. for the
northwest Pacific (Yoshida, 2002), A. tamutum was formally
described based on material isolated from the Mediterranean
(Montresor et al., 2004). Since then, the species has been
reported in morphological studies of populations from Russia,
Malaysia, and Scotland (Selina and Morozova, 2005; Hii et al.,
2012; Swan and Davidson, 2014) and in morphological and
genetic studies of populations from Ireland, Shetland, China,
Malaysia, Greenland (Touzet et al., 2008; Brown et al., 2010;
Gu et al., 2013; Kon et al., 2013; Tillmann et al., 2016).
Our results demonstrated a genetic variability within the
A. tamutum clade, which was formed by some subclades,
including the Brazilian subclade. Genetic variability between
isolates from different geographical areas of A. tamutum based
on LSU and ITS rDNA has been reported by Montresor
et al. (2004), Penna et al. (2008) and Tillmann et al.
(2016). However, more sequences from distinct locations
are necessary to confirm the occurrence of a geographical
partitioning of A. tamutum species. The two isolates of
Alexandrium sp. formed a monophyletic clade, however it is
necessary for more sequences to make any inference about its
geographical distribution. These populations have been found
in Guanabara Bay and constitute a new species for the science
(currently under description), related to A. minutum and A.
tamutum.

This review constitutes the first approach on the occurrence
of the Alexandrium genus in Brazilian coastal waters. The
number of species recorded was very incipient considering the
7,491 km of the Brazilian coast, with the new record of A.
tamutum and the discovery of a new species (Alexandrium sp.)
indicating a wide gap in knowledge on the genus diversity in
the country. Brazil has a Program for the National Sanitary
Control of Bivalve Molluscs (PNCMB) established in 2011
designed to monitor for the presence of toxins in seafood and
the presence of harmful algae in the coastal area. Although
it is a national program, until now it has been implemented
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only in Santa Catarina. The presence of toxic Alexandrium
strains in other areas on the country points out to the
need of expand the current coverage of the PNCMB and
improve our ability to identify causative species of HABs
through training courses and international technical and research
collaborations.
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In 2016 a mass mortality period (MMP) of cage cultured tuna occurred in the

northwest coast of Baja California, Mexico. Nine die-offs occurred from May 31st

to August 2nd in Todos Santos Bay, Salsipuedes Bay and Coronado Islands. The

organisms were disoriented, gasping, swimming erratically, and died hours after these

signs were detected. Necropsies and histopathological analyses were performed

on dead organisms. Abundant mucus and congestion was observed in the gills.

Histopathological analysis of the gills showed hyperplasia, fusion of gill filaments and

lamellae, telangiectasia, edemas, increased numbers of mucus cells, and in some

cases severe hemorrhage. Water samples were analyzed and a sampling campaign

was implemented in some cultivation areas to evaluate the presence of ichthyotoxic

microalgae. Chattonella spp. (mainly C. cf. marina) were detected in the water column

during the MMP. At the end of May abundances of 5 × 103 cells L−1 were detected in

sea surface samples and Chattonella spp. represented∼20% of the microphytoplankton

community. Abundance of these species at surface increased to 33 × 103 cells L−1 in

June and represented 85% of the phytoplankton community. No other environmental

stressful variables were detected during the MMP. The presence of Chattonella spp.

in the water column explains the dead of the tuna since behavior, necropsies, and

histopathological analyses of the gills indicate a severe reaction to an environmental

noxa that could be related to the characteristic toxic effect of these species. Before the

MMP, ichthyotoxic species have not been reported in the phytoplankton community of

the region. Accumulation of Chattonella spp. was probably associated with abnormally

high temperatures present during the two previous years before the MMP. Surface

temperature anomalies of 3◦C were registered during 2015. Mesoscale oceanographic

and atmospheric phenomena brought the environmental conditions for a change in the
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phytoplankton community in the region. Phytoplankton biomass was low and associated

with a decrease in the abundance of diatoms and dinoflagellates. The absence of diatoms

together with upwelling events followed by stratification before theMMP probably favored

the accumulation of Chattonella spp. that affected importantly tuna ranching activities in

Northwest Baja California.

Keywords: ichthyotoxic species, Chattonella marina, environmental noxa, gill damage, El Niño

INTRODUCTION

Harmful algal blooms (HABs) can affect economically important
coastal activities. Among these, marine aquaculture is highly
susceptible to HABs. Phycotoxin accumulation and mass
mortalities are the two major noxious aspects of HABs on
cultivated organisms. From an economic perspective, massive
mortalities of fish is the main negative effect of HABs to
marine aquaculture (Lewitus et al., 2012; Hallegraeff et al.,
2017). Mortalities are associated with different causes but mainly
with the presence of marine fish-killing microalgae species. For
example, in 2016more than 40,000 t of cultivated salmon in Chile
were affected by the presence of the microalga Pseudochattonella
cf. verruculosa (Clement et al., 2016; León-Muñoz et al., 2018).
This is the most extraordinary mass mortality event of cultivated
fish ever recorded, referred as the “Godzilla Red Tide” that caused
an estimated loss of over 800M USD (Hallegraeff et al., 2017).

Ichthyotoxic microalgae belong to different taxonomic
groups. Dinoflagellates, cyanobacteria, raphydophytes,
chrysophytes, dictyochophytes (Silicoflagellates) have been
implicated in wild and cultivate massive fish mortalities (Kim
et al., 2007; Aoki et al., 2012; Imai and Yamaguchi, 2012;
Kudela and Gobler, 2012). The rhaphydophytes is one of the
most important group of ichthyotoxic microalgae that has
caused significant economic losses worldwide. Mortalities
have been associated mainly with blooms of Chattonella and
Heterosigma akashiwo. This latter species has affected fish
aquaculture principally in northern latitudes, while Chattonella
species are distributed in tropical waters (Imai and Yamaguchi,
2012). In 1980,∼1,500 t of salmon cultivated in British Colombia
were lost due to a H. akashiwo bloom (Bruslé, 1995; Lewitus
et al., 2012; Esenkulova et al., 2014). The estimated loss was
35M USD (Rensel and Whyte, 2004; Hallegraeff et al., 2017).
In 1990, H. akashiwo was again associated with another mass
mortality of cultivated salmon in the same region (Black et al.,
1991). Chattonella marina had been implicated in more fish
mass mortalities than other raphydophytes species. Particularly,
blooms of this microalga have affected importantly yellowtail
finfish (Seriola quinqueradiata) aquaculture in Japan and Korea.
The first registered mass mortality occurred in 1973 in the
Japanese Seto Inland Sea (Imai et al., 1991). The estimated loss
was 90M USD (Imai and Yamaguchi, 2012). In the 1970s and
mid1980s, C. marina blooms caused other mass mortalities
of yellowtail finfish (Imai et al., 2006). This species was also
associated with a mass mortality of captive southern bluefin tuna
Thunnus maccoyii in Australia (Munday and Hallegraeff, 1998).
In April 1996, ∼1700 t of captive tuna died in Boston Bay, South

Australia (Munday and Hallegraeff, 1998). The association of
the fish mortality with the presence of Chattonella was unclear
since the microalga was present at much lower abundances
(maximum 66 × 103 cells L−1) than the ones reported when
yellowtail finfish mortalities occur. Mortalities of this species
occurs when cell abundances are in the order of millions per
liter (Imai and Yamaguchi, 2012). However, microalgal toxicosis
due to C. marina was the most plausible explanation for the
tuna die-off (Munday and Hallegraeff, 1998). This is the only
report of a negative impact to the tuna ranching industry by an
ichthyotoxic microalga.

Tuna cultivation of northern bluefin tuna (Thunnus thynnus
orientalis) is an important aquaculture activity in Mexico. Tuna
ranching was established in 2002 in northern Baja California and
three companies operate currently close to Todos Santos bay.
Cultivated tuna represents more than 90% of the aquaculture
production of Baja California and it is the second largest (behind
shrimp production) aquaculture activity in terms of revenue in
Mexico. Annual production of the last 5 years fluctuated around
6,000 t per year (Boletines Estadísticos de la producción pesquera y
acuícola de Baja California; www.sepescabc.gob.mx). In summer
of 2016, this industry experienced a period of mass mortalities
of organisms maintained in different areas in northern Baja
California. First mass mortalities were registered in May 31
to June 2 (Figure 1). Eighty percent of the biomass of some
culture pens located in Punta Banda was affected (Personal
communication; Baja Aquafarms Co.). In June 14, a second
outbreak occurred in Salsipuedes Bay followed by another mass
mortality in Punta Banda after 2 days (Figures 1, 2 for the
location of the cultivation areas). Some cultivation pens were
relocated from Todos Santos Bay to Coronado Islands as a
response to the registered events. However, mortalities also
occurred in this location at the end of July. In total, nine
die-offs were registered at different locations from May 30 to
August 4 (Figure 1) hereafter, referred as the mass mortality
period (MMP). This phenomenon has never been recorded
before in the region. We implemented a sampling campaign
during the MMP to identify the causes of the tuna mass
mortalities. Water samples and hydrographic variables were
analyzed. In addition, analyses on affected organisms were
conducted. Here, we report that the tuna disease causative
agent was raphydophyte species of the genus Chattonella,
mainly C. marina. The presence of these species was probably
associated with abnormal environmental conditions present
in the region before the MMP. In addition, we describe the
behavior and lesions of affected organisms caused by these
microalgae.
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FIGURE 1 | Time line of the events during the period of occurrence of mass mortalities of northern bluefin tuna Thunnus thynnus orientalis cultivated in the northwest

coast of Baja California, Mexico.

FIGURE 2 | Location of tuna production areas (red symbols) in the northwest coast of Baja California, Mexico. The round closed symbols represent the stations

covered during the sampling campaign implemented the 16 of June during the mass mortality period. The coastal (line A) and offshore (lines B and C) stations are

indicated in the map. In addition, stations in Punta Banda area are indicated (D). The black line delimits the integration area A used in the calculation of VTN.
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MATERIALS AND METHODS

Description of the Study Area and Location

of the Cultivation Zones
The study area is located in Todos Santos Bay (TSB) region on
the Baja California Peninsula (31◦ 52′ N, 116◦ 37′ W). The bay
has two mouths, which communicate with the Pacific Ocean.
Two islands, called Todos Santos, divide the two communication
mouths of the bay. Seventy five percent of the area presents
depths <50m and 25% is part of a narrow submarine canyon
located between Punta Banda peninsula and Todos Santos
Islands (Figure 2). TBS is an area influenced by the California
Current (CC) that transports water southward. Additionally,
wind forcing causes coastal upwelling with a marked seasonal
cycle (Durazo, 2009). The concessions for cage-cultivation of
tuna are locatedmainly in Todos Santos Bay region (Punta Banda
and Salsipuedes Bay). A systematic sampling was implemented in
these locations (Figure 2).

Sample Campaign (June 16) and Data

Collection
The sampling campaign was conducted aboard the research boat
Rigel of the Center for Scientific Research and Higher Education
at Ensenada (CICESE). Water samples were collected at 16
stations in TSB region. At each station, temperature, salinity, and
pressure were measured with a continuous temperature, salinity
depth profiler (Sontek, CastAway CTD). The water samples were
collected at different depths with a 5-L Niskin bottle.

Phytoplankton Community Evaluation and

Pigment Analysis
Of the water collected with the Niskin bottles, a 50mL aliquot
was placed in amber bottles (Nalgene type). The samples were
fixed with a solution of paraformaldehyde, glutaraldehyde 1%
with HEPES buffer (pH 7.4) and sucrose, as described by
Katano et al. (2009). This solution preserved microalgae species
with ichthyotoxic potential. The phytoplankton community was
analyzed using the Utermöhl method (Sournia, 1978). Ten,
25, or 50mL were sedimented and the complete area of the
sedimentation chamber was analyzed with an inverted light
microscope (Leica DM3000 model). Diatoms, dinoflagellates,
raphidophytes, and other phytoplankton groups were identified
up to genus level and in some cases to species level according to
Tomas (1997) and Omura et al. (2012). Abundance is reported
in cells L−1. In addition, the presence of Chattonella species
is expressed as relative abundances in relation of the total
abundance of the microphytoplankton community.

One liter of water was vacuum filtered to determine the
concentration of phytoplankton pigments. The water was passed
through GF/F (Whatman) glass fiber filters. The analysis
of the pigments was performed by high-performance liquid
chromatography (HPLC). The method used was the one
described by Van-Heukelem and Thomas (2001) and modified
by Almazán-Becerril and García-Mendoza (2017).

Analyses on Affected Organisms
Histological Procedures
During the MMP, 14 tunas (136.6 ± 19.5 cm of total length)
were analyzed. Moribund animals were captured directly from
the cage nets and sacrificed in situ. Pieces of gills were
excised and fixed in 10% neutral buffered formalin, placed in
histological cassettes and send to the laboratory. The tissues were
decalcified with tetrasodium ethylenediaminotetracetate (EDTA)
for a period of 3 to 10 days. The gills were dehydrated in
an ethyl alcohol series of ascending concentrations, embedded
in paraffin and sectioned at 5mm. The tissue sections were
stained with haematoxilin-eosin (HE), 3 sections of each
tissue from each fish were examined by light microscope.
The presence of histological alterations was recorded and
photographed.

Analysis of Environmental Variables
Regional-Environmental Indicators
Long-term series of monthly anomalies of several physical
and biological fields were constructed in order to describe the
interannual variability of the environmental conditions close
to the study area. The period for these series was from the
year 2003 through year 2017, coincident with the availability of
the satellite imagery used in this analysis. For all the variables,
which are described below, those data points located over
the continental shelf (shoreward of the 200-m isobath) and
between Punta Banda Peninsula and Coronado Islands (see
Figure 2) were averaged (or integrated) for each month in the
series. A monthly-mean climatology was then calculated and
subtracted to the monthly composites to obtain the anomalies for
the series.

Satellite Imagery
Monthly composites of satellite-derived products were used in
the long-term anomaly series. These products included the 4 km-
resolution version of the 4µ night-time sea surface temperature
(SST) and default algorithm (OCI) based chlorophyll-a (CHL),
taken from the Moderate Resolution Imaging Spectroradiometer
(MODIS)—Aqua product. These data were obtained from
the National Aeronautics and Space Administration (NASA)
OceanColor Web: http://oceancolor.gsfc.nasa.gov.

Coastal Upwelling Index
To analyze the variability of the regional upwelling regime, a
monthly coastal upwelling index (CUI) was calculated using the
wind stress obtained from the 3-h 25 km-resolution wind vector
at 10-m height from the North American Regional Reanalysis
(NARR; Mesinger et al., 2006) and using parameterizations
proposed by Smith (1988). This calculation was done according
to the definition used by Bakun (1973) and Schwing et al.
(1996), assuming a coast oriented 28◦ Clockwise from
the north.

Numerical Oceanic Model
Numerical-model outputs were also included in the series to
obtain information of the conditions of the water column
during the anomalies of the surface fields described above.
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The numerical model used in this analysis was the regional
physical-biogeochemical coupled model used in Cruz-Rico and
Rivas (2018) but with some differences (described below).
This biogeochemical model is a nutrients-phytoplankton-
zooplankton-detritus (NPZD) model based on nitrogen (Powell
et al., 2006). The total nitrogen at any point is partitioned
between dissolved nitrogen (N), phototrophic phytoplankton
(P), the herbivorous zooplankton (Z), and particulate nitrogen
(D: Detritus). Major biological processes (i.e., photosynthetic
growth and uptake of nitrogen by phytoplankton, grazing on
phytoplankton by zooplankton, mortality of both phytoplankton
and zooplankton, and sinking and remineralization of detritus),
and physical processes (i.e., advection and mixing) affecting
the biological components (N, P, Z, D) are included in the
biochemical model which runs together with the physical model
as one (Powell et al., 2006).

The differences between our model approach and that used
by Cruz-Rico and Rivas (2018) are the boundary data and
surface forcing. In our approach, monthly data from the Global
Ocean Data Assimilation System (GODAS; e.g., Huang et al.,
2008; Ravichandran et al., 2013) were used in the model’s lateral
open boundaries, and daily wind stress calculated from the
NARR’s wind and monthly heat fluxes from the GODAS were
used in the model’s free surface. The simulation period was
also 2003–2017.

An indicator of the nutrient availability for phytoplankton
growth was diagnosed from the numerical-model outputs and
the vertical transport of nitrogen through the 50-m depth. This
transport was calculated as

VTN =

∫
A
wN dA, (1)

where w is the vertical velocity, N is the dissolved nitrogen
(nitrate), andA is the area of the horizontal plane limited offshore
by the 200-m isobath and extending from Todos Santos Bay to
Coronado Islands located at 50-m depth; the total area A is 1.546
× 103 km2.

On the other hand, the Brunt-Väisälä frequency squared
(BVF2) was calculated as an indicator of the stratification of the
water column. The maximum of BVF2 (maxBVF2) and its depth
were used to characterize the water-column conditions around
the study area.

Teleconnection Index
A climatic index was also compared to the oceanographic
variables around the study area in order to explore a possible
relation between such variables and the large-scale climatic
patterns. The Southern Oscillation Index (SOI) was used as an
indicator of the El Niño activity around the study area. As
reported in previous papers (e.g., Cruz-Rico and Rivas, 2018),
the El Niño phenomenon modulates much of the dynamic
over Baja California’s shelf. Indeed, in particular for the warm
anomaly occurred in the period 2013–2016, many of the effects
are attributed to an intense El Niño event (e.g., McClatchie et al.,
2016).

RESULTS

Affectation of Organisms, Necropsy and

Gill Histopathological Results
The first signs of distress of cultivated tuna were observed in
May 31 (Figure 1). The organisms were disoriented, swimming
slowly, and erratically, not moving in circles as in normal
conditions. Some fishes were gasping, the opercula and mouth
were open and the most affected organisms crashed against
the nets of the pen (Video S1; Supplementary Material). The
organisms died and sank to the bottom of the pens ∼4 h after
these signs were noticed.

Necropsies were performed in different organisms and
organs were analyzed macroscopically and histopathologically.
Liver and kidneys did not present signs of damage that
represented a malfunction of the organs. In contrast, gills
of the evaluated organisms were heavily affected. Excessive
mucus and excretion of blood was observed in the gills of
an organism analyzed in June 15. The observation of mucus
under themicroscope revealed the presence of microalgae species
(Figure 1, Supplementary Material). Some cells of Tripos furca
were visible and round or oval cells were also observed that
probable were Chattonella spp., see below.

Histopathological analysis revealed the presence of diffuse
congestion by erythrocytes of branchial lamellae (Figures 3A,B).
Multifocal telangiectasia, which is the result of rupture of pillar
cells in the distal part of the branchial lamellae was also observed
and in some areas rupture of lamellae epithelia was evident
releasing erythrocytes (Figures 3C,D). In some cases, multifocal
telangiectasia occupied the entire branchial lamellae showing
the magnitude of damage (Figures 3E,F). Severe inflammation
and hyperplasia of both, gill filaments, and lamellae, including
fusion and shortening of lamellae were common recorded
(Figures 4A,B). In several cases, the total loose of gill lamellae
with severe inflammation, hyperplasia, and necrosis were
noted (Figures 4C,D). Additionally, detachment of lamellae
epithelium, consistent with diffuse edema, and vacuolization
were observed (Figures 4E,F). Hemorrhagic zones were observed
over the gills filaments and lamellae (Figures 5A,B).

Identification of the Causative Agent
Analyses of water samples from Punta Banda and Salsipuedes
Bay started after the report of the first die-off. Samples
were collected at different days during the mass mortality
period (MMP, Figure 1) and to the end of August in 2016.
After this month, analysis of samples continued on weekly
basis as part of the continuous monitoring programs of Baja
Aquafarms Co. and CICESE. The ichthyotoxic microalgae
Chattonella spp. were present in the tuna cultivation areas
during the MMP. The species was identified as C. marina
according to cell morphology of the organism observed in
water samples without any fixative (Figures 6A,B). The cells
presented a tear (oblong to ovoid) shape morphology and
were 35 to 60µm long. Several chloroplasts arranged close to
the cell wall were evident (Figures 6A,B). Cells with different
morphologies were also present in the samples (Figures 6C,D)
but the most conspicuous and abundant organism was the
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FIGURE 3 | Gills of blue tuna (Thunnus thynnus orientalis), exposed to a harmful algal bloom of Chattonella marina. (A) The presence of diffuse congestion by

erythrocytes of the branchial lamellae is observed. (B) Detail of erythrocyte accumulation (congestion) of the branchial lamellae. (C) Multifocal telangiectasia (arrows),

resulted of rupture of pillar cells, in the distal part of branchial lamellae (aneurysm). (D) Detail of the top of branchial lamellae telangiectasia (arrow) where release of

some erythrocytes is observed, evidencing rupture of lamellae epithelia. (E) Large multifocal telangiectasia of entire branchial lamellae plethoric of erythrocytes. (F)

Close up of erythrocytes accumulated in branchial lamellae, note hemosiderin granules.

one identified as C. marina. Raphydophytes are susceptible to
some preservatives and cell morphology was affected by the
addition of lugol-acetate to the samples (Figure 6E). Several
fixatives were tested during the monitoring period. Using
paraformaldehyde, 1% glutaraldehyde, HEPES and sucrose
(Katano et al., 2009) proved to be adequate to preserve the
samples with minor alterations of Chattonella cells (Figure 6F).
Although it was possible to identify the organisms as Chattonella,
the differentiation between morphotypes was not possible
in preserved samples. Identification of Chattonella species
using morphological characteristics is sometimes ambiguous.
Therefore, several isolates were established from cells collected
during the MMP. Cultures of two strains were established. The

strains were identified with the D1/D2 large DNA subnunit
sequences as Chattonella marina var. ovata (Figure 6G) and
C. minima (Figure 6H) (Ahumada-Fierro, 2017). Therefore,
different species (or varieties) of Chattonella were present during
the die-off period and the abundance is presented as Chattonella
spp.

The abundance of phytoplankton and Chattonella spp. in
samples collected in Punta Banda and Salsipuedes from the end
of May to December 2017 is presented in Figure 7. Chattonella
spp. abundance at the end of May was ∼5 × 103 cells L−1

and reached a maximum of 30 × 103 cells L−1 in the second
week of June (Figure 7B). Chattonella spp. abundance was
higher than 10 × 103 cells L−1 from June to the beginning
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FIGURE 4 | Gills of blue tuna (Thunnus thynnus orientalis), exposed to a harmful algal bloom of Chattonella marina. (A) Severe inflammation and hyperplasia of gill

filaments and lamellae, showing fusion of lamellae (arrows), note accumulation of erythrocytes (asterisks) in the middle area of filament. (B) Fusion and shortening of

gill lamellae with multifocal telangiectasia (arrows). (C) Total loose of gill lamellae with severe inflammation and necrosis of the gill filament. (D) Severe inflammation,

hyperplasia, fusion, and necrosis of filament with almost the totality loose of gill lamellae. (E) Detachment of lamellae epithelium (arrow) consistent with diffuse edema

and vacuolization. (F) Close up of gill lamellae severely vacuolated.

of August, particularly in surface samples (Figure 7B). Cell
abundance decreased after August and only an abundance above
10 × 103 cells L−1 was detected in one surface sample after
this month. Low phytoplankton abundances (below 50 × 103

cells L−1) were registered during the period of the appearance
of Chattonella spp. (Figure 7A). Therefore, these species were
highly represented in the phytoplankton community. In some
samples, relative abundances ofChattonella spp. were higher than
60% (maximum relative abundance of 83% by the middle of
June) of the microphytoplankton community (Figure 7C). These
species were not detected or were present at abundances lower
than 1 × 103 cells L−1 after August. Phytoplankton abundance
increased after this month (Figure 7A).

Environmental Conditions Associated With

the Presence of Chattonella
To characterize the spatial distribution of ichthyotoxic species
and environmental variables close to the tuna cultivation areas,
a sampling campaign was implemented after the second mass
mortality episode that occurred in Salsipuedes bay (Figure 1).
In June 16, phytoplankton abundance was evaluated in nine
sampling stations in this area (Figure 2, lines marked as A, B,
and C) and in five stations in Punta Banda (Figure 2, area D).
We found high abundances of Chattonella spp. in the surface
and close to the coast in Salsipuedes bay. Abundances of ∼30
× 103 cells L−1 were detected at surface in three stations
located between 0.77 and 1.79 miles from the coast (Figure 8A).
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FIGURE 5 | Gills of blue tuna (Thunnus thynnus orientalis), exposed to a harmful algal bloom of Chattonella marina. (A) General view of gill filament with hemorrhagic

zone (asterisk) where all lamellae are loosed, note telangiectasia in the distal area of gill lamellae (arrow) of the contiguous filament. (B) Detail of hemorrhagic zone

plenty of erythrocytes with hemosiderin granules, note necrosis of the basal epithelia close to the cartilage of the filament.

Chattonella abundance decreased to ∼25 × 103 cells L−1 at
10m and decreased significantly at 20m sampling depth in
these stations (Figure 8A). The abundance of this species at
surface decreased to approximately to 10 × 103 cells L−1 and
5 × 103 cells L−1 in offshore stations (Figures 8B,C). In Punta
Banda (Figure 8D) Chattonella spp abundance was lower than
in Salsipuedes Bay. These species were detected from surface to
∼15m depth (Figure 8D).

Phytoplankton pigments were also determined in
samples collected during the campaign. CHL, fucoxanthin,
violaxanthin, and chlorophyll C2 were highly represented
in samples dominated by Chattonella spp. (Figure 2A,
Supplementary Material). Pigment concentration was high
relative to phytoplankton abundance registered in water
samples. CHL concentration was ∼3 µg L−1 in samples
collected at surface in coastal stations. In these stations,
microphytoplankton abundance was lower than 40 × 103 cells
L−1 and Chattonella spp. represented ∼80% of this abundance.
Therefore, accumulation of CHL was associated with the
presence of Chattonella spp. in the water column (Figure 2B,
Supplementary Material).

There was not a clear relation between the distribution of
Chattonella spp. and the thermal structure of the water column
during the sampling campaign. Surface temperature was similar
(mean of 17.8◦C) in all Salsipuedes stations (Figures 8A–C).
Also, a clear thermal stratification of the water column was
not evident between coastal and offshore stations. There
was no evident mixed layer and the temperature decreased
monotonically with the depth in most of Salsipuedes stations
(Figures 8A–C). In contrast, a well-defined mixed layer was
evident in some stations of Punta Banda (inside TSB). The
thermocline was evident at ∼8m depth in some stations
(Figure 8D). Also, surface temperature in Punta Banda was
higher than in Salsipuedes. The maximum surface temperature
was 20.3◦C in this area (Figure 8D). Under these conditions,
Chattonella abundances were ∼10 × 103 cells L−1 from
surface to the bottom of the thermocline in Punta Banda
(Figure 8D).

Chattonella species thrive in warm temperatures and blooms
of this species have been reported when water temperature is
above 20◦C (Edvardsen and Imai, 2006; Imai and Yamaguchi,
2012). The presence of these species and its relation with the
thermal conditions was not clear during the sampling campaign.
Therefore, we analyzed the variation of the temperature
measured continuously in-situ at various depths in Punta
Banda since 2012. Two short upwelling pulses occurred at
the beginning of the MMP (Figure 9). Thereafter, surface
temperatures increased and∼23◦C occurred in the Punta Banda
region during the MMP. In addition, stratification was evident
during this period and the 18◦C isotherm was detected between
8 and 10m depth. Only in few occasions, this temperature were
registered below 10m depth in the rest of the year (Figure 9).
Most notably, temperatures above 18◦C were registered from
surface to the bottom of the water column in the two previous
years of the MMP. Temperatures in the bottom of the water
column above 18◦C prevailed for ∼5 months, from August to
December in 2015 (Figure 9). This condition was not registered
in other years.

In-situ thermal conditions indicate that abnormally warm
years occurred in the region before 2016. The interannual
variability of the environmental conditions in the region was
analyzed to evaluate the anomaly of the conditions related to
the MMP. This period (May-August 2016) was characterized
by moderate La Niña conditions. Early 2016 and during
the MMP the waters were anomalously warm (∼1–2◦C) but
colder than in the previous months when the anomalies were
higher than 2◦C with a maximum exceeding 3◦C in October
2015 (Figure 10B). During this year and in 2014 intense El
Niño conditions were evident (Figure 10A). Associated with
this conditions, almost 3 years of excessively low levels of
CHL were registered in the region. Right after one of its
lowest values in April 2016, the CHL levels became nearly
normal (Figure 10C). In the months prior to the MMP the
upwelling activity was intense, especially from December 2015
to March 2016, after that the upwelling was nearly normal
with slightly intense short periods (Figure 10D). The strong
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FIGURE 6 | Chattonella spp. in water samples collected during the mass mortality period of northern bluefin tuna Thunnus thynnus orientalis cultivated in the

northwest coast of Baja California, Mexico. Panels (A–D) shows cell observed in water samples without any fixative. Addition of Lugol-acetate affected significantly the

morphology of the cells (E). Less affectation of Chattonella cells was observed (F) with paraformaldehyde, 1% glutaraldehyde, HEPES, and sucrose (Katano et al.,

2009). Cultivated strains isolated during the (MMP) are also presented: Chattonella marina var. ovata (G) and C. minima (H).

positive upwelling anomaly was related to an intense vertical
nutrient supply estimated by numerical-model outputs in the
first months of 2016, especially in March, reaching lower values
(but still over the normal) in the MMP (Figure 10E). From

late 2015 (November and December) through the MMP the
stratification became stronger, except in July-August 2016, with
a thermocline (i.e., depth of the maxBVF2) becoming shallower
and then nearly normal (Figure 10F). After the MMP, SST, and
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FIGURE 7 | Phytoplankton (A) and Chattonella spp. (B) abundance in samples collected in Punta Banda and Salsipuedes from the end of May to December 2017.

The relative abundance of these species is presented in (C) Abundances in surface samples are represented by empty symbols and blue circles are abundances

detected at 10m depth.

SOI, CHL concentration were nearly normal, positive or close
to the climatological mean and the SOI was nearly normal
(Figure 10).

DISCUSSION

Here, we document for the first time mass mortalities of
cage-reared tuna caused by raphytophytes species of the
genus Chattonella in Northwest Baja California, Mexico.
No other environmental stressful variable was detected
during the mass mortality period (MMP). The presence of
Chattonella species, but most probably C. marina, in the water

column explains the death of the tuna since behavior of the
organisms, and histopathological analyses of the gills indicate
a severe reaction to an environmental noxa that could be
related to the characteristic toxic effect of these ichthyotoxic
raphydophytes.

The gills functions include not only respiration but also
osmoregulation and excretion. Since the gills are in contact with
the environment, they are particularly sensitive to presence of
noxas in the water. The significant morphological changes of
the gill tissue of tunas exposed to C. marina are characteristic
of an exposure of fishes to an acute-type noxa or contaminants
(Mallatt, 1985; Godoy, 2016). Changes such as hypertrophy,
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FIGURE 8 | Chattonella spp. abundance (in cells L−1, red circles) and temperature distribution (lines) in the water column in tuna cultivation areas after a mass

mortality episode that occurred in Salsipuedes Bay. (A) presents the abundance and temperature in three stations located close to the coast (see Figure 2 for the

distribution of the stations). (B,C) shows the results of samples collected in offshore stations. (D) shows the results of registered in Punta Banda area (see Map in

Figure 2 for the localization of sampling stations).

hyperplasia, epithelial lifting, partial fusion of some lamellae
of gill epithelium constitute adaptive changes that can be
reversed if the external noxa is eliminated. In contrast, other
changes are more severe and if are extended, impairment of

the normal functioning of the tissue and irreparable damage
occurs, even with elimination of the noxa in the water.
These changes correspond to lamellar telangiectasis (aneurysm),
rupture of epithelial cells with hemorrhages and necrosis
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FIGURE 9 | Water temperature measured continuously in-situ since 2012 at various depths in Punta Banda cultivation area. The mass mortality period is highlight.

The data was obtained with a set of temperature data loggers (HOBO U22-001) placed at different depths in the water column.

(Fernandez and Mazon, 2003; Camargo and Martinez, 2007;
Godoy, 2016). These alterations were documented in all gill
samples analyzed from organisms that died in different dates
during the MMP. Similar alterations in the gills of fishes
exposed to Chattonella spp. have been observed in yellow tail,
Seriola quinqueradiata in Japan (Ishimatsu et al., 1996); Tilapia,
Oreochromis mossambicus, from the Salton Sea, California
(Tiffany et al., 2001), and the Atlantic salmon, Salmon salar in
Chile (Godoy, 2016). Lethal effects associated with Chattonella
spp. has been recorded in S. quinqueradiata in Japan, southern
bluefin tuna (Thunnus maccoyi) in Australia, and salmon (S.
salar) in Norway and Chile (Imai and Itoh, 1987; Munday and
Hallegraeff, 1998; Godoy, 2016).

The precise affectation mechanisms of the gills by Chattonella
is not clear. It was proposed (Ishimatsu et al., 1996) that oxygen
radicals released from Chattonella, stimulate mucus cells in the
gills, and the secreted mucus, possibly plus Chattonella cells
trapped within the mucus, impedes the gas exchange capacity
of the gills by shunting respiratory water current away from
the lamellae. Khan et al. (1996) proposed that brevetoxins
produced by C. marina in conjunction with superoxide radicals
(ROS) cause gill epithelium to become swollen with massive
mucous production resulting in fish suffocation. However,
production of brevetoxins by Chattonella has been disputed
since these phycotoxins have not been detected by LC-MS/MS
analysis (Hallegraeff et al., 2017). What is clear is that ROS
play an important role in the affectation of the gills since
raphydophytes produce high amounts of these compounds and
together with polyunsaturated fatty acids (PUFAs) produce
other toxic compounds through lipid peroxidation by increasing
superoxide dismutase activity and damage gill cell membranes

(Dorantes-Aranda et al., 2015). Therefore, the toxicity of PUFAs
increased synergistically in the presence of ROS (Marshall et al.,
2003).

It well recognized that intense blooms of raphydophytes have
been responsible for several mass mortalities of cultivated and
wild fish and represent a threat to marine fish aquaculture (Imai
and Yamaguchi, 2012). However, two main questions arise from
the analysis of the extraordinary event reported in this work:
(1) Why a relatively low abundance of Chattonella species has
such a devastating effect on tuna? and (2) What caused the
accumulation of Chattonella spp. since these species have not
been reported before in the region?

A high toxic potential of Chattonella species during the bloom
or (together with) a high susceptibility of affected organisms are
possible answers for the first question. After the first report of
the effect of Chattonella to cultured tuna in southern Australia,
investigations on strains isolated from this region have been
performed. These strains showed higher growth rates than
Japanese strains at high irradiances (Marshall and Hallegraeff,
1999). Maximum growth rate of the Southern Australian strain
was registered at 400 µmol quanta m−2 s−1 and they have been
recognized as a high-light adapted microalga strains (Marshall
and Hallegraeff, 1999; Hallegraeff et al., 2017). In addition, the
C. marina Australian strain probed to be more toxic to fish gill
cells due to an elevated production of the eicosapentaenoic fatty
acid and superoxide anions (Dorantes-Aranda et al., 2013). The
mortality of cage-reared tuna in the Todos Santos bay region can
be related also to the presence of highly toxic Chattonella strains.
Abundances were in the same order of magnitude during the
MMP and the outbreak that occurred in Australia. We registered
a maximum cell abundance of 33 × 103 cells L−1. However,
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FIGURE 10 | (A) Monthly values of the southern oscillation index (SOI), and

monthly anomalies (with respect to the 2003–2017 climatology) of (B), surface

temperature (SST); (C), chlorophyll-a concentration (CHL); (D), coastal

upwelling index (CUI); (E), vertical transport of nutrients (VTN), and (F),

magnitude and depth (line’s color) of the maximum Brunt-Väisälä frequency

(maxBVF2) for the period 2012–2017. The shaded area indicates the period

mass morality period. Positive values of the SOI correspond to La Niña,

whereas negative values correspond to El Niño. Positive values in the VTN

correspond to an upward nitrogen supply.

a tuna ranching company reported (abundance was evaluated
with Sedgwick-rafter chambers) a maximum abundance of 90 ×
103 cells L−1. In comparison, cells abundances in the Australian
outbreak were between 1 × 103 cells L−1 and a maximum
of 66 × 103 cells L−1 (Munday and Hallegraeff, 1998). Toxic
potential of the species from our region has to be investigated
but it is clear from the only two reported mass mortalities of
cultivated tuna that the lethal abundance for tuna is one order of
magnitude lower than the one considered for other economically
important fishes. Affectations to the yellow tail S. quinqueradiata
are expected when Chattonella cell abundances are higher than
500× 103 cells L−1.

Tuna susceptibility to ichthyotoxic species has not been
investigated. Behavior and affectation of the gills of the organisms
during the outbreak of Australia were similar to our observations.
Therefore, it seems that tuna is particularly susceptible to
ichthyotoxic microalgae. Shen et al. (2011) proposed that
susceptibility of marine fish to C. marina appears to be inversely
related to their tolerance to hypoxia. However, T. maccoyii is

highly tolerant to conditions of low dissolved oxygen in the
environment. The maintenance metabolism, routine swimming,
and specific dynamic action of these species are not affected in
moderate to severe hypoxia (Fitzgibbon et al., 2010). Probably,
oxygen uptake adaptations that support the high metabolic
demand of tuna such as a large gill surface area and thin gill
epithelium (Korsmeyer and Dewar, 2001) make these organisms
extremely susceptible to the ROS and PUFAs produced by
ichthyotoxic species. This has to be corroborated but a probably
high susceptibility of tuna is the most plausible explanation
for the devastating effect of the noxious C. marina on these
organisms. Striped bass is also cultivated in the region and there
were no reports of affection to this species during the MMP.

What caused the accumulation of Chattonella spp. since
these species have not been reported before? It is important
to try to understand how the Chattonella spp. HAB developed
in the region. We have been monitoring the phytoplankton
community intermittently for more than 15 years at different
sampling points in TSB and semicontinuously since 2010 in
Rincón de Ballenas where bivalve mollusks are cultivated and
it is located 2 miles south from Punta Banda (Figure 2). There
are also other phytoplankton monitoring programs in the region
and Chattonella spp. have not been reported before. After the
MMP the presence of ichthyotoxic species were monitored and
Chattonella spp were registered in several samples. Abundances
lower than 1000 cells L−1 were registered during some periods
of the year and relative contribution to total abundance was
generally not higher than 5% (see Figure 7). This indicates
that Chattonella spp. are common species in the phytoplankton
community of the region and are present at low abundances.
Probably, these species were not detected before the MMP since
the monitoring programs were not focused on the detection of
ichthyotoxic species and samples were preserved with solutions
that affect fragile phytoplankton cells. If they were present,
probably they represented the seeding population for the HAB
that affected the cultivated tuna. Alternatively, Chattonella spp.
were transported into the region from other areas or cysts in the
sediment were probably the source of cells for the initiation of the
HAB during theMMP. Cysts were detected in sediments after the
2016 HAB (data not shown).

The source of the seeding population that originated the
HAB during the MMP remains elusive. We cannot prove that
Chattonella spp. or cysts were present before the MMP. However,
it is important to try to identify the conditions that favored the
accumulation ofChattonella. This was an extraordinary event not
documented before in the region. Extraordinary environmental
conditions were also present in the region before the MMP.
Abnormally warm conditions were present the two previous
years before 2016 and temperatures above 18◦C were detected in
the entire water column close to Punta Banda. In addition, there
were two upwelling periods before the rise of the temperature
and stratification in the water column during the MMP. The
mesoscale interannual variability analysis demonstrated that
these abnormal conditions started 3 years before 2016. In most
of these 3 years before the MMP the El Niño conditions
dominated in the study area. Notably, upwelling conditions were
close to the climatological mean but high SST and low levels
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of CHL were present on these years. By the end of the year
2015 an upwelling intensification occurred, associated with an
atmospheric low-pressure anomaly over the northeastern Pacific
and an intensification of the North Pacific High Pressure System
(Figure 3, Supplementary Material). This condition affected the
northwestern Baja California coast through the first months of
2016, which caused a weakening of the SST anomaly, although
it did not reach its normal values and the CHL showed no
increase. According to the numerical model results the enhanced
upwelling caused a stronger nutrient supply into the surface
waters over the shelf combined with an enhanced stratification.
Thus, the environmental conditions during theMMP turned into
La Niña colder conditions with a relatively intense upwelling,
accompanied with high levels of nutrients according to the
model, and a relatively strong stratification, which caused an
increment of the CHL but not phytoplankton accumulation.
Notably, during the MMP microphytoplankton counts were
extremely low but concentrations higher than 3 µg L−1 of
CHL were detected in some samples. The high chlorophyll
concentration was associated with the presence of Chattonella.
This species presents high CHL cellular concentrations, up to
250 ng CHL cell−1 had been reported for C. marina maintained
under culture conditions (Marshall and Newman, 2002).

We propose that extraordinary environmental conditions
before the MMP permitted Chattonella spp. to thrive in the
region. These conditions caused a change in the phytoplankton
community normally observed in the region. The abundance of
diatoms and dinoflagellates decreased significantly. Specifically,
diatom abundance was unusually low in the previous years
before 2016 (data not shown) and particularly during the MMP
(Figure 4, Supplementary Material). Blooms of Chattonella
occur when diatoms are scarce (Imai, 1990; Onitsuka et al., 2011;
Aoki et al., 2015). The change in the phytoplankton community
during the abnormal period and conditions (upwelling events
followed by stratification periods) before the MMP were the
probable causes for the accumulation of Chattonella spp.
according to the conceptual model for the formation of blooms
of these species.

The ecological interaction between Chattonella and diatoms is
explained by the “Diatom resting hypothesis” proposed by Imai
and Yamaguchi (2012). According to this hypothesis, blooms of
Chattonella spp. are formed when diatoms are scare in surface
waters and there is an input of nutrients associated with mixing
processes after a period of strong stratification. Chattonellas
show lower growth rate than diatoms (Imai and Yamaguchi,
2012). However, Chattonellas can dominate the phytoplankton
community when diatoms population is in a resting stage in
the sediments or they are physiologically inactive in the water
column. Some diatoms species form resting stages and sink
when there is a strong stratification accompanied by depletion of
surface nutrients. Formation of diatom resting stages are essential
for the increase of Chattonella abundance when the stratification
breaks and nutrient are pumped into surface waters (Imai and
Yamaguchi, 2012).

The increase in Chattonella spp. abundances during the
MMP fits to this conceptual model for HABs formation in Seto
Inland Sea in Japan developed after the observation of recurrent

events in this region (Imai and Yamaguchi, 2012). Probably in
the BTS region, the decrease of diatom abundance during the
long period of abnormally warm conditions and the upwelling
events that occurred at the end of 2015 and before the MMP
brought the conditions for the increase ofChattonella abundance.
After the MMP, “normal conditions” returned in 2016 and 2017
and phytoplankton abundance increased accompanied with the
representation of diatoms in the phytoplankton community.
We related a HAB not registered before to extraordinary
environmental conditions that were present in the region. These
two phenomena must occur recurrently to validate the concept
that they were related. Logically, these will not be favorable for
the mariculture industry of the region.

Impact to the Industry and Management of

the Problem
The MMP affected importantly tuna-ranching activities in
Northwest Baja California. This event is one of the largest
economical negative impact for marine aquaculture industry
related to a microalgae bloom in Mexico. An estimated
value of the loses in one of the companies of the region was
42 million dollars according to insurance records (http://
www.abacoadjusters.com/referencia/mortandad-de-atun-2/).
Ecological information of some noxious species has been
gathered from other regions with a long affectation history.
This information is essential to understand the development of
extraordinary blooms in our region. It is important to continue
the monitoring of the phytoplankton community together with
the characterization of environmental conditions to understand
the bloom dynamics of Chattonella or other noxious microalga.
Risk indexes for the presence of the noxious species including
environmental and ecological variables should be developed
to implement management plans to mitigate the effect of the
species to the industry especially, if extraordinary events will
become normal conditions.
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Video S1 | The video was recorded during a mass mortality event of organisms

maintained in Punta Banda. Organisms were disoriented, swimming slowly and

erratically, not moving in circles as in normal conditions. The video shows a

severely affected tuna crashing against the nets of the pen (video courtesy of Baja

Aquafarms Co.).

Figure S1 | Mucus present in the gills of a dead northern bluefin tuna Thunnus

thynnus orientalis analyzed in June 15 in FICOTOX laboratory of CICESE. Cells of

Tripos furca and round or oval cells were also observed.

Figure S2 | A chromatograph of a typical pigment profile of samples dominated

by Chattonella spp. (A) station E1, 33,000 cells L−1. Chlorophyll a concentration

and Chattonella spp. abundance relation (B). The data was fitted to a linear

regression model (solid line) passing through the origin considering that when

Chattonella is not present the chlorophyll concentration is associated to other

phytoplankton groups.

Figure S3 | Geopotential height anomaly (with respect to the 1979–1995

climatology) at 500 hPa for December 2015. Plot taken from https://www.esrl.

noaa.gov/psd/data/histdata.

Figure S4 | Diatom abundance in samples collected in Punta Banda and

Salsipeudes bay from the end of May to December 2017. Abundances in surface

samples are represented by empty symbols and blue circles are abundances

detected at 10m depth.
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Spirolides are polyether cyclic imines considered as “fast acting toxins.” Long-term
human health consequences of spirolide ingestion are uncertain, and hence regulatory
limits for human consumption have not been established. Nevertheless, monitoring
these toxins in shellfish is essential because they can interfere with detection by mouse
bioassay of lipophilic regulated toxins. Todos Santos Bay (TSB), in the northwest of
the Baja California Peninsula, is an important shellfish cultivation and fish-farming area
in Mexico. The toxin analog 13-desmethyl spirolide C has been reported in cultivated
mussels (Mytilus galloprovincialis) from TSB, but the causative species associated
with accumulation of this toxin has not been previously identified. We assessed the
occurrence of Alexandrium ostenfeldii, the unique known producer of spirolides, by
inverted light microscopy and by PCR with species-specific oligonucleotides designed
for the ITS and 18S rDNA. We determined the presence and abundance of this species
at the surface and at the thermocline from samples collected over two annual sampling
periods (2013–2014 and 2016–2017). During the 2013–2014 period, A. ostenfeldii
was found in 50% of the samples analyzed by light microscopy. The highest cell
abundance (about 3.6 × 103 cells L−1) occurred in October 2013. During 2016–2017
the dinoflagellate was present in low cell abundances (<5 × 102 cells L−1) and was
detected in only 20.9% of the samples. Cells of this species were usually found when sea
surface temperature ranged from 17 to 20◦C. We also evaluated spirolide accumulated
in cultivated mussels from TSB by tandem mass spectrometry (LC-MS/MS). The only
spirolide detected was 13-desmethyl spirolide C, found mainly during the 2013–2014
sampling period, with the highest concentration (1.05 µg kg−1) in June 2014. During
winter, toxin concentration was at or below the detection limit. During 2016–2017,
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spirolides were below the detection limit, coinciding with the absence of the causative
species. Cell abundance of A. ostenfeldii and spirolide concentration in mussels did not
present a clear correlation. This study represents the first record of A. ostenfeldii in TSB
and provides evidence that this species is the primary origin of spirolides accumulated
in mussels.

Keywords: polyether toxins, Mediterranean mussel, 13-desmethyl spirolide-C, LC-MS/MS, marine dinoflagellates,
harmful algal blooms

INTRODUCTION

Spirolides are naturally occurring polyether cyclic imine
compounds with a spiro-group attached to the tricyclic ethers.
These toxins were first isolated from mussel digestive glands
and toxicity was determined by intraperitoneal mouse bioassay
during chemical investigations of polar bioactive molecules from
microalgae and shellfish from Nova Scotia (Canada) (Hu et al.,
1995). The intact cyclic imine moiety is the pharmacophore that
confers biological activity (Hu et al., 1996, 2001). Many spirolides,
including those belonging to the A, B, C, D groups and their
respective desmethyl derivatives, act as “fast-acting toxins” (FAT)
characterized by rapid onset of neurological symptoms followed
by death after intraperitoneal injection into mice (Cembella
et al., 1999; Richard et al., 2001). Spirolides are not considered
in the sanitary legislation for human consumption of shellfish
since a toxic effect in humans has not been proven and no
poisoning symptoms associated with these toxins have been
confirmed (Otero et al., 2011). A few complaints of gastric
distress and tachycardia were recorded after consumption of
mussels containing high spirolide concentrations, but these non-
specific symptoms could not be definitively ascribed to spirolides
(Richard et al., 2001). Cholinergic receptors (muscarinic and
nicotinic) are proposed main targets for spirolides, and the toxic
effects could be their activity as irreversible antagonists of the
muscarinic acetylcholine receptor (Gill et al., 2003) and weak
L-type transmembrane calcium channel activators (Sleno et al.,
2004).

Spirolides are coextracted in the methanolic extract of
the regulated polyether shellfish toxins, such as okadaic acid,
dinophysistoxins, azaspiracids, and yessotoxins. The FAT activity
of spirolides in methanolic or lipophilic fractions can therefore
interfere with and cause artifacts in the intraperitoneal mouse
bioassay (Trainer et al., 2013). False toxicity positives associated
with spirolides can cause unnecessary shellfish sanitary closures
that will negatively affect economic activities for coastal
aquaculture and harvest of wild shellfish.

The causative species associated with spirolide accumulation
in cultured shellfish from Nova Scotia was identified as the
mixotrophic dinoflagellate Alexandrium ostenfeldii (Paulsen)
Balech and Tangen (Cembella A. et al., 2000). This species is
widely distributed in coastal waters around the globe (Cembella,
2018), from the coast of Washington State, United States (Balech,
1995), the northeastern coast of North America (Hargraves and
Maranda, 2002), and including north Atlantic and sub-Arctic
waters, as well as the Mediterranean Sea and the brackish Baltic
Sea (Suikkanen et al., 2013). Interest in the study of A. ostenfeldii

and associated toxicity has increased due to the reports of
coastal blooms of this species in the Peruvian coast (Sánchez
et al., 2004), Narragansett Bay and the New River Estuary along
the United States east coast (Borkman et al., 2012), and the
Baltic Sea coast of Finland (Hakanen et al., 2012). Blooms of
this species occurred recently in Oosterschelde, Netherlands,
representing a major concern for public health for poisonings
associated with paralytic shellfish toxins (PSTs), but these blooms
were not related to human intoxication by spirolides (Van de
Waal et al., 2015). The toxin regulatory situation is complicated
by the fact that certain A. ostenfeldii populations can also
produce other neurotoxins, such as PSTs, and/or the cyclic imines
known as gymnodimines. The toxin composition and content
of A. ostenfeldii depends upon genotypic strain differences and
geographic origin (Suikkanen et al., 2013), and is therefore
difficult to predict and assess.

The Pacific coast of North America from Alaska to Baja
California is relatively underrepresented in studies of the
biogeographical distribution of A. ostenfeldii and associated
spirolides (Cembella, 2018). Todos Santos Bay (TSB), in the
northwest of the Baja California peninsula, is the region with
the highest production of cultivated mussels in Mexico (Maeda
Martínez, 2008). Sanitary closures have been implemented in
the region due to the presence of lipophilic toxins in shellfish
harvested from this bay. Sánchez-Bravo (2013) demonstrated a
high percentage of non-specificity in the detection of toxicity with
the lipophilic mouse bioassay in comparison with measurements
of toxin composition determined by liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) in mussel
samples from TSB that could be attributed to the presence of
spirolides among other “fast acting” toxins. Particularly in 2012,
13-desmethyl spirolide C was detected during almost the whole
year with no apparent temporal pattern of appearance (García-
Mendoza et al., 2014). Unfortunately, the causative species
associated with this spirolide accumulation in shellfish was not
identified.

The inability to reliably identify the toxigenic species that
produces spirolides is often associated with the complexity in the
identification of Alexandrium taxa (Touzet et al., 2008), especially
by morphological criteria alone. A. ostenfeldii has been detected
and identified by polymerase chain reaction (PCR) probes
involving specific primers to amplify the Internal Transcribed
Spacer (ITS) of the rDNA gene (Schwarz, 2011). This represents
a useful technique to unequivocally evaluate the presence of
this species in the phytoplankton community. In the present
work, we evaluated the temporal distribution of A. ostenfeldii
in TSB as causative agent for the accumulation of spirolides
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FIGURE 1 | Sampling stations located in Todos Santos Bay (TSB) region.
Station 13 enclosed in the circle is inside the mussel cultivation area.

in cultivated bivalve molluscs from the bay. The presence
and temporal abundance of this species in the phytoplankton
community was evaluated by PCR and by morphological
examination of cells from water samples by light microscopy, and
combined with analysis of accumulated spirolides in cultivated
mussels (Mytilus galloprovincialis). The combination of these
alternative techniques allowed the detection and confirmation of
A. ostenfeldii in TSB and provided the first report of this species
in the northwest Pacific of Mexico.

MATERIALS AND METHODS

Field Sampling
Todos Santos Bay, located on the northwestern coast of the
Baja California peninsula, Mexico, is subject to a regular
monitoring program for marine biotoxins in shellfish and
associated toxigenic plankton by the FICOTOX laboratory of
Centro de Investigación Científica y de Educación Superior de
Ensenada, Baja California (CICESE). From July 2013 to June
2014 water and mussel samples were collected periodically from
the mussel cultivation area in TSB (St 13; Figure 1). Water
samples for taxonomic analysis and enumeration were collected
at the surface and at 10 m depth with a 2 L Niskin bottle. In
addition, plankton samples were analyzed from vertical net tows
with 20 µm mesh plankton net conducted through the upper
20 m of the water column. In 2016, the regular monitoring
program of FICOTOX was extended to include evaluation of
the phytoplankton community where caged tuna aquaculture is
located in the region. From 2016, plankton samples were analyzed
from Salsipuedes Bay, where some tuna enclosures are located (St
1, 3, 4 and 6; Figure 1). Sampling at St 13 continued throughout
this period and two more stations (St 11 and 12; Figure 1) in the
southern sector of TSB were also monitored on a monthly basis
from August 2016 to August 2017. Water samples were collected
with a 2 L Niskin bottle at the surface and at the thermocline. The
vertical temperature profile of the water column was measured
with a conductivity, temperature and pressure profiler (CTD,
CastAway, YSI, Yellow Springs, OH, United States). The depth

of the thermocline was determined from the temperature profile
before the samples were collected.

Microscopic Evaluation of A. ostenfeldii
Abundance
A 250 mL water subsample from the Niskin bottle was fixed with
Lugol’s iodine-acetate solution. These samples were analyzed with
an inverted microscope (Leica DM13000B, Leica Microsystems,
Wetzlar, Germany) according to the Utermöhl method (Lund
et al., 1958). A 50 mL sample was sedimented and the complete
surface of the sedimentation chamber was analyzed to quantify
the cell abundance of A. ostenfeldii. For net samples only 10 mL
were sedimented and the results were presented as the relative
abundance (in %) of A. ostenfeldii to total phytoplankton cells
collected with the 20 µm plankton net.

The thecal plate arrangement and morphology of cells
considered provisionally as A. ostenfeldii was evaluated by
epifluorescence microscopy. Fixed cells from seawater samples
were separated by a capillary, and rinsed twice with deionized
water to get rid of salts and residual Lugol’s solution. Then,
4 µL of Fluorescent Brightener 28 (Sigma-Aldrich, St. Louis,
MO, United States) at a concentration of 1 mg mL−1 was
added to stain the cellulose thecal plates (Fritz and Triemer,
1985). Plate arrangement was characterized under an Axio
Imager A2 microscope system and digitally photographed with
an AxioCam ICc 1 camera and Axiovision software (Carl Zeiss
AG, Oberkochen, Germany).

Molecular Identification of A. ostenfeldii
DNA Extraction
Seawater (500 mL to 1 L) was filtered through 8 µm pore-
size polycarbonate filters (Nucleopore, Whatman, Darmstadt,
Germany), under gentle vacuum to avoid cell disruption. Filters
were stored in a 50 mL centrifuge tubes at −80◦C until analysis.
The DNA was extracted with a DNeasy Plant Mini kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions
but with modification of the volume of the lysis buffer to 600 µL.
Homogenization of cells was performed with a mini-Bead
Beater 24 (BioSpec Products, Bartlesville, OK, United States) at
maximum speed (6.5 m s−1) for 45 s (Wohlrab et al., 2010),
with 170 µm3 of zirconium beads of 0.1 mm diameter to
disrupt the cells. The DNA was resuspended in sterile Milli-
Q water. The purity and concentration of DNA was measured
by UV-spectroscopy with a NanoDrop 2000 (Thermo Scientific,
Wilmington, DE, United States) and the integrity of the DNA was
verified on a 1.2% agarose gel via electrophoresis.

Polymerase Chain Reaction (PCR) Amplification
The primers AOF4 (5′-TGTCAATGCGTGTGCATTCG-3′) and
AOR3 (5′-CATTGCAACCAATGCACATGA-3′) were used for
identification of A. ostenfeldii during the first monitoring period
(2013–2014). These primers produce an amplicon of 99 bp of the
ITS1, 5.8S and ITS2 region (Schwarz, 2011). The primers were
originally designed specifically to differentiate A. ostenfeldii from
A. peruvianum (4 bp), but A. peruvianum is now recognized as a
heterotypic synonym of the former species (Kremp et al., 2014).
For identification of A. ostenfeldii in the 2016–2017 samples the
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primers AOST213F (5′-GGGAAGGGTTGTGGTCATTAGTTA-
3′) and AOST213R (5′-TTGCCATGTAATTCATTCAGTCATT-
3′), which produce an amplicon of 89 bp of the 18S region were
used (Elferink et al., 2017).

PCR reactions (30 µL) were performed in a Veriti thermal
cycler (Applied Biosystems, United States) using 100 ng of DNA.
For ITS amplifications, the master mix was prepared with the
following concentrations: 0.4 mM of each dNTP, 0.12 µM of each
primer, 4 mM of MgCl2, 1 X GoTaq R© Flexi buffer (Promega,
Madison, WI, United States), and 1.25 U of GoTaq R© DNA
polymerase. The PCR was carried out at 94◦C for 4 min, followed
by 40 cycles of 94◦C for 30 s, 60◦C for 45 s, 72◦C for 1 min, and a
final extension step of 72◦C for 7 min.

For the 18S rDNA amplifications the master mix contained
the following concentrations: 0.2 mM of each dNTP, 0.30 µM
of each primer, 3 mM of MgCl2, 1 X GoTaq R© Flexi buffer
(Promega, Madison, WI, United States), and 0.6 U of GoTaq R©

DNA polymerase. The amplification was carried out under the
following conditions: 94◦C for 3 min, followed by 30 cycles
of 94◦C for 30 s, 60◦C for 45 s, 72◦C for 1 min and a final
extension step of 72◦C for 7 min. The amplicons were analyzed
by electrophoresis on 2% agarose gel.

The specificity of the reaction was confirmed with a DNA
template from a monoclonal reference culture of A. ostenfeldii.
Strain CCMP 1773 was acquired from the Provasoli Guillard
Center for Marine Microalgae (CCMP, Boothbay Harbor, ME,
United States) and cultivated under optimal growth conditions
at 15◦C and photon flux density of 100 µmol quanta m2 s−1. The
DNA of this strain was used as a positive control. For the negative
control the DNA was replaced with ultrapure water in the PCR
reaction.

Sequencing
PCR products of ITS and 18S amplifications were sent for
sequence analysis to SeqXcel, San Diego, CA, United States. The
analysis of the sequences was carried out using the BLAST tool on
the NCBI website and the sequence alignments were performed
using the CLUSTAL X software (Thompson et al., 1997) and
the Biological sequence alignment editor and analysis program
(Bioedit) (Hall, 1999).

Compositional Analysis and
Quantification of Spirolides
Spirolides were determined from particulate plankton by
filtration of 300–800 mL seawater from the surface and
thermocline through Nucleopore polycarbonate filters (3.0 µm
pore-size; Whatman, Darmstadt, Germany) under low vacuum.
Filters were stored in 50 mL centrifuge tubes at −70◦C until
extraction. During extraction, filters were repeatedly rinsed with
1 mL 100% MeOH until complete discoloration of the filters.
The methanolic extract was filtered through spin-filters (0.45
µm pore-size; Millipore Ultrafree, Eschborn, Germany) and
centrifuged for 30 s at 800 × g. The filtrate was transferred
to an autosampler vial and 5 µL were injected into the LC-
MS/MS system. The protocol for the detection of spirolides was
as described by Krock et al. (2008) for lipophilic toxins. Toxin
analyses were performed on a liquid chromatograph (Agilent

1100, Waldbronn, Germany) coupled to triple-quadrupole mass
spectrometer (ABI-SCIEX-4000 Q Trap, Applied Biosystems,
Darmstadt, Germany) equipped with a Turbo V ion source.
Separation of the lipophilic toxins was performed by reverse-
phase chromatography on a C8 column (50 mm× 2 mm) packed
with 3 µm Hypersil BDS 120 Å (Phenomenex, Aschaffenburg,
Germany). The mobile phase comprised two eluents, where
eluent A was water and eluent B was acetonitrile-water (95:5 v:v),
both containing 2.0 mmol L−1 ammonium formate and 50 mmol
L−1 formic acid. The limit of detection for SPX-1 (13-desmethyl
spirolide C) was 0.3 ng mL−1, determined with reference to an
external standard solution of 10 ng mL−1 SPX-1 obtained from
the CRMP, IMB, National Research Council, Halifax, NS, Canada.

Spirolides in mussels from the cultivation area at St 13 were
determined from whole mussel samples provided by Acuacultura
Oceanica Co., Ensenada, BC, Mexico. Evaluation of lipophilic
toxins in mussels was performed according to the standardized
procedure of the European Union for the determination of
marine lipophilic biotoxins in molluscs (European Union
Reference Laboratory for Marine Biotoxins [EURLMB], 2015).
Complete soft tissues of at least 20 commercial-size mussels
were homogenized for the determination of phycotoxins. Toxin
extraction was performed with 100% methanol on 2.0 ± 0.01 g
of shellfish tissue (European Union Reference Laboratory
for Marine Biotoxins [EURLMB], 2015). The detection and
quantification of lipophilic phycotoxins was performed with the
analytical methodology of liquid chromatography coupled to a
tandem mass spectrometer (LC-MS/MS). A triple quadrupole
Thermo Scientific TSQ Quantum Access Max LC-MS/MS
system (San Jose, CA, United States) was used for analysis
of mussel samples collected from July 2013 to June 2014,
according to the method of Martín-Morales et al. (2013).
After extraction, an aliquot of the methanolic extract was
filtered through a 0.22-µm-syringe filter and 5 µL were
injected into the LC-MS/MS system. The mass spectrometer was
operated in positive-ion mode by multiple reaction monitoring
(MRM). The Regueiro et al. (2011) method was employed for
chromatographic separation with minor modifications for use of
a shorter column. Chromatography was performed in reverse-
phase mode with a Gemini-NX C18 (Phenomenex, Torrance,
CA, United States) (50 × 2 mm; 3 µm) analytical column. The
mobile phase was described by Gerssen et al. (2009) to yield
alkaline chromatographic conditions; phase A = ammonium
hydroxide 6.7 mM, phase B = acetonitrile in ammonium
hydroxide 6.7 mM in proportion 9:1 (v:v). A calibration curve
of four concentration levels of a certified solution obtained
from CIFGA (Lugo, Spain) was used to quantify 13-desmethyl
spirolide C. The limit of detection of the method was 0.04 ng
mL−1.

For the mussel samples from 2016 to 2017, toxin analyses were
performed by the method of Krock et al. (2008), as described
above for analysis of spirolides in plankton samples. An aliquot of
methanolic extract of mussel tissue was transferred to a spin-filter
(pore-size 0.45 µm; Millipore Ultrafree, Eschborn, Germany) and
centrifuged for 30 s at 800× g. The filtered sample was transferred
to an autosampler vial and 5 µL were injected into the LC-MS/MS
system.
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RESULTS

Occurrence of A. ostenfeldii in Todos
Santos Bay
Light microscopic analysis of the phytoplankton community in
134 water samples collected from August 2016 to August 2017
revealed that A. ostenfeldii occurred in 20.9% of the samples.
The species was detected in the same number of samples from
the surface and the thermocline, indicating that A. ostenfeldii
was present throughout the mixed layer. Nevertheless, the cell
abundance was higher at the surface than at the thermocline.
There was no apparent seasonality for the species presence,
and the low cell abundances did not allow for definition of
a clear pattern. The only discernable trend was the low cell
abundance during the winter (November–February), when cell
densities were consistently low or below the detection limit
(Figures 2A,B).

At the surface A. ostenfeldii was detected at all stations except
St 4, but at low abundance throughout the sampling period
(Figure 2A). The maximum abundance of 480 cells L−1 was
registered at St 6 (Salsipuedes) at the end of September 2017
(Figure 2A). A relatively high abundance of 400 cells L−1 in June
2017 and 240 cells L−1 at the beginning of March, 2017 were also
recorded from St 11 (Rincón de Ballenas). The species was not
observed at the thermocline from St 6 and at the other stations
the abundance was low (20–80 cells L−1) or absent (Figure 2B).
The highest abundance of A. ostenfeldii in the thermocline was
353 cells L−1 detected at St 11 in June (Figure 2B). An abundance
of 160 cells L−1 was found at the end of September from the same
station.

Morphological Characterization of
A. ostenfeldii
The cells of A. ostenfeldii presented a globose appearance with
slightly rounded margins (Figures 3A,G). The theca is very thin
and not easily detected with light microscopy (Figure 3H). The
specimens from TSB were typically observed as solitary cells
varying in size from 25 to 35 µm in diameter, in some water
samples both vegetative cells and cysts were found (Figure 3I).
The cingulum is equatorial and slightly excavated with no
presence of cingular lists (Figures 3B,C). The hypotheca and
epitheca have the same height. The tabulation of the cells
is typical of A. ostenfeldii showing an insert-type tabulation
characterized by the contact of the plate 1’ with 1”, 6”’, 2’, 4’ and
the apical pore complex APC (Figures 3B,C). This complex is
completely occupied by a big comma-shaped pore (Figure 3B).
The sixth precingular plate (6”) is wider than tall. The 1’ plate
is elongated and asymmetric, with a prominent ventral pore
in the inflection (Figure 3C). The sulcal plate series is clearly
distinguished. The key plate for describing the sulcus is S.p. This
plate contacts with s.d.p, s.sp, 5”’, 4”’, 2”” and 1””’ (Figures 3D–F).

Molecular Identification of A. ostenfeldii
Molecular identification of A. ostenfeldii was conducted on 57
samples analyzed by PCR from the south of TSB (Rincón de
Ballenas, St 13) where mussel farms are located. With the AOF4

and AOR3 primers, the 99 bp ITS fragment was detected in 52.6%
of the samples collected from July 2013 to June 2014, confirming
the presence of A. ostenfeldii in the study area. As expected,
given the higher plankton biomass collected among the three
alternative samples (at surface, from 10 m depth and vertical
net haul) the highest number of positive results (68.4%) were
obtained from net haul samples, Figure 4 shows an example of
the PCR results. The expected size amplicon was detected in all
three fractions of samples from April 8, 2014 collected at surface,
from 10 m and by net haul (Figure 4), suggesting that this species
was present throughout the mixed layer of the water column. In
contrast, the absence of an amplicon in the samples from April
22, 2014 indicates that A. ostenfeldii was not present on this date
(Figure 4).

The samples collected from August 2016 to August 2017
at seven stations and analyzed by PCR with the alternative
primers AOST213F and AOST213R also confirmed the presence
of A. ostenfeldii within the TSB region. The 18S amplification
fragment of 89 bp was detected in 23.7% of 156 samples
processed. For example, in samples of March 1, 2017, the
expected amplification fragment was observed in samples from
all stations, except in the surface sample from St 4, St 6 at the
thermocline, and from St 13 at both surface and thermocline
(Figure 5).

A. ostenfeldii was detected in 70.5% of the 213 samples from
the two sampling periods analyzed by PCR and light microscopy.
The PCR method yielded a higher positive detection (by 26.7%)
compared to light microscopy. In contrast, PCR results were
negative for only 1.88% of the samples in which A. ostenfeldii was
registered by light microscopy.

PCR products were sequenced with the different primers for
specific dates. For example, the alignments and blast analysis
conducted with the 99 bp ITS fragment sequence from the sample
of August 8, 2013 (St 13) showed 98% identity with A. ostenfeldii
sequences found in the NCBI GenBank (JX841278.1).

Spirolide Detection in Plankton and
Mussels
The presence of spirolide was confirmed in mussel samples
collected at Rincón de Ballenas (St 13), but the analog 13-
desmethyl spirolide C was the only analog detected by LC-
MS/MS in mussels. The chromatogram presented in Figure 6
shows the quantitative detection of 13-desmethyl spirolide C in
a mussel sample of September, 2014. The retention time (RT)
(4.25 min) of the 164 m/z ion that coincided with the RT of the
692.501>444.30 m/z transition used as the confirmatory ion for
13-desmethyl spirolide C. The chromatogram of analogs 13-19
didesmethyl spirolide C and the spirolide B are also presented
in Figure 6, but these analogs were not detected in mussels; the
corresponding signals for these analogs were absent or below the
detection limit and/or the retention times did not align with those
of the expected transitions.

The cell abundances of A. ostenfeldii detected in Rincón de
Ballenas area (St 13) at the surface and at 10 m or the thermocline
depth were compared with the spirolide accumulation in mussels
(Figure 7). A. ostenfeldii was detected in 50% of the samples
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FIGURE 2 | Temporal variation of cell abundance of A. ostenfeldii at seven sampling stations located in Todos Santos Bay region: Station 1 (closed circles), Station 3
(open circles), Station 4 (closed triangles), Station 6 (open triangles), Station 11 (closed square), and Station 12 (open square). Samples were collected at surface (A)
and at the thermocline (B) from August 2016 to August 2017.

from 2013 to 2014. The species was heterogeneously distributed
from surface to 10 m depth since the detection and abundances
coincided in samples from both depths. There was no clear
seasonality pattern of occurrence for A. ostenfeldii or for the
spirolides in mussels. The cell abundance of A. ostenfeldii
varied throughout the sampling period of 2013–2014 (from 0
to 3.6 × 103 cells L−1). Nevertheless, these variations are not
reflected in the concentration of 13-desmethyl spirolide C in
mussels, which varied from below the detection limit (0.04 µg
kg−1) and remained <1.05 µg kg−1 throughout the sampling
period (2013–2014) (Figure 7). The maximum A. ostenfeldii cell
abundance was found in October 2013 (3.62× 103 and 3.59× 103

cells L−1 in surface waters and at 10 m depth, respectively); the
concentration of 13-desmethyl spirolide C was 0.54 µg kg−1.
From August 2016 to August 2017, A. ostenfeldii was absent
from all samples, except for a sample obtained at the end of
August 2016 (280 cells L−1) at the thermocline. According to the
LC-MS/MS results, the concentration of 13-desmethyl spirolide

C remained below the detection limit in all of the samples.
During the sampling period from 2016 to 2017, no spirolides were
detected in the 154 samples of plankton particulate matter.

Certain populations of A. ostenfeldii are capable of producing
PSP toxins (saxitoxin and derivatives) in addition to or instead of
spirolides (Cembella, 2018). As a confirmation, for three samples
(from July 8, 2013; August 22, 2013; October 10, 2013) where the
cell abundance of A. ostenfeldii was high, but the concentration of
spirolides in mussels was low, analysis of PSP toxins was carried
out on mussels samples. No PSP toxins were detected in these
samples.

Water Temperature Associated With the
Presence of A. ostenfeldii
In an attempt to establish trends of A. ostenfeldii cell abundance in
relation to water temperature, water temperatures at surface, 5 m
and 10 m depth at St 13 are presented together with A. ostenfeldii
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FIGURE 3 | Morphological characteristics of Alexandrium ostenfeldii collected
in water samples from Todos Santos Bay region. The cells were stained with
calcofluor to evaluate the thecal plate arrangement with epifluorescence
microscopy. (A) Shape of the cells; (B) apical pore complex (APC) complex
occupied by a prominent comma-shaped pore; (C) first precingular (1’) plate
with a ventral pore; (D) ventral view showing the sulcal plates; (E) antapical
view showing the sulcal posterior plate; (F) ventral view; (G,H) vegetative cells
observed by inverted optical microscopy; (I) presence of cysts in the water
samples.

FIGURE 4 | PCR amplification of samples from Station 13 using AOF4 and
AOR3 primers. The 99 bp ITS fragment indicates the presences of
A. ostenfeldii. Results of samples collected at different dates are presented
(October 10, 2013; November 1, 2014; April 24, 2014; May 8 and 22, 2014,
and June 4, 2014). Samples were collected at 0 and 10 m discrete depth in
the water column and by vertical phytoplankton net tows (R). A+: positive
PCR control and A–: negative PCR control. M: molecular marker of 50 and
100 bp bioline.

cell abundance during July 2013 to June 2014 and from August
2016 to August 2017 (Rincón de Ballenas) (Figure 8). The highest
cell abundance of A. ostenfeldii was associated with temperatures
between 17 and 20◦C (Figure 8). During 2013–2014, maximum
surface temperature of 22.1◦C was registered in September 2013.

FIGURE 5 | PCR amplification of samples from seven different stations in
Todos Santos Bay region using AOST123F and AOST123R primers. The
89 bp fragment indicates the presence of A. ostenfeldii. Results of samples
collected on March 1, 2017 are presented. The samples were collected at
surface (S) and thermocline (T) in the water column. A+: positive PCR control
and A–: negative PCR control. M: molecular marker of 100 bp bioline.

The water column was stratified as evidenced by a decrease
of 5◦C from surface waters at 5 m (17◦C) and 8◦C at 10 m
depth (14◦C). Under these conditions, A. ostenfeldii was not
detected. Abundance of A. ostenfeldii was <500 cells L−1 during
the winter period with lower water temperature (November to
April 2013–2014). Strong water stratification was present during
the period 2016–2017, with a decrease of 8.5◦C from the surface
to 10 m depth. During this period, a higher maximum surface
temperature of 22.9◦C was detected in August 2016 and August
2017. The species was not detected during this period (Figure 8).
When the water column was homogeneous with respect to
temperature and during periods of lower water temperature
between November, 2013 and April, 2014 cell abundance was
reduced or remained below detection.

DISCUSSION

Dynamics of A. ostenfeldii in Todos
Santos Bay
The dinoflagellate A. ostenfeldii was found in TSB with variable
abundances and as a common component of the phytoplankton
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FIGURE 6 | LC-MS/MS chromatograms (in MRM mode) of 13-desmethyl spirolide (SPX) C transitions (692.501>164 m/z and 692.501>444.30 m/z). Mass
transitions of 13-19-didesmethyl spirolide (SPX) C and spirolide (SPX) B are also shown but were not detected in this sample of Mediterranean mussels
(M. galloprovincialis) from TSB collected on September 12, 2014.

FIGURE 7 | Concentration of 13-desmethyl spirolide (SPX) C (closed triangles) in the Mediterranean mussel Mytilus galloprovincialis collected from July 2013 to June
2014 and from August 2016 to August 2017 in Rincón de Ballenas (Todos Santos Bay). The abundance of A. ostenfeldii cells at surface (closed circles) and at 10 m
or thermocline depth (open circles) is also shown.

community, but this species did not exhibit a clear seasonal
occurrence pattern during the sampling period. The maximum
cell density (3 × 103 cells L−1) registered at St 13 during
late summer to fall 2013 was typical for this species from
coastal North Atlantic waters and Scandinavian fjords. In such
low water temperature and moderate salinity environments the
species tends not to form high biomass blooms, but rather
is commonly found as a non-dominant component of the
phytoplankton community at low maximal cell abundances
ranging typically from 102 to 103 cells L−1 (Balech and Tangen,

1985; Moestrup and Hansen, 1988; Gribble et al., 2005). For
example, A. ostenfeldii in coastal waters of Nova Scotia tends to
form sub-surface aggregations at relatively low cell abundances
of less than 4 × 103 cells L−1 (Cembella et al., 2001). In
Casco Bay, along the Gulf of Maine, United States, a maximum
abundance of 244 cells L−1 was registered during June 2001
(Gribble et al., 2005). These low abundances contrast with
the high bloom concentrations reported from certain locations
in northern Europe, typically characterized by a low salinity
regime. Maximum cell abundances as high as 2.1 × 105 cells
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FIGURE 8 | Temperature at surface (closed circles), 5 m (open circles) and 10 m depth (closed triangles) at Station 13 (Rincón de Ballenas) in Todos Santos Bay. The
cell abundance of A. ostenfeldii in samples at surface (dark gray bar) and 10 m or thermocline (light gray bar) is also presented.

L−1 have been recorded from the coast of Finland in the
northern Baltic Sea (Hakanen et al., 2012) and in the virtually
freshwater Ouwerkerkse Creek, Netherlands, an extreme bloom
of A. ostenfeldii yielded maximal cell densities of 4.5 × 106 cells
L−1 (Van de Waal et al., 2015). In any case, the association of
extreme blooms of A. ostenfeldii with low salinity environments
is clearly not applicable to seasonal dynamics of this species in
TSB. In comparison with habitats of A. ostenfeldii in the North
Atlantic, TSB represents an environment characterized by higher
seasonal surface water temperatures but only slightly higher
salinity, which does not vary dramatically on an annual basis.

Temperature is one of the most important environmental
variables that determine the biogeography of phytoplankton
species (Butterwick et al., 2005), and which has a direct
physiological influence and consequences on metabolic rates and
hence growth rate (Anderson, 1998). This suggests a possible
regulatory role of temperature in determining the temporal
distribution of A. ostenfeldii in TSB. In spite of the lack of
a definitive seasonal cell abundance pattern, and absence of a
clear relationship between the presence of A. ostenfeldii and the
ambient temperature, the species was apparently not present
in the water column during the winter. The cell abundance of
A. ostenfeldii in TSB decreased from August 2016 to August
2017 to the comparable period in 2013–2014. This indicates that
the temporal cell distribution and abundance may be related
to prior temperature anomalies. Under this scenario, a low cell
abundance of A. ostenfeldii could be related to shifts in the
phytoplankton community associated with the abnormally warm
water conditions in the region, that initiated 3 years before
2016, associated with el Niño events, with temperature anomalies
above 3◦C (García-Mendoza et al., 2018). These anomalies were
accompanied by low phytoplankton biomass. In the California
Current System status report these changes are also described
for the phytoplankton community, for which the productivity
and cell concentrations of diatoms were below average for
the southern California coast during 2016 (McClatchie et al.,

2016). Jacox et al. (2018) reported that the water temperature
anomalies caused changes in the structure and composition
of the phytoplankton community, perhaps disadvantageous to
A. ostenfeldii, while favoring an increase in cell abundances of
species better adapted to these conditions. These warm water
conditions recorded in TSB in the last few years have caused
blooms of other genera such Cochlodinium and Chattonella that
had been previously registered only in low densities in the bay.

Alexandrium ostenfeldii is often considered a “cold-water”
species, but “blooms” (or at least maximal cell abundance)
consistently occur during the warm period of the annual cycle
in the respective environments. In TSB, two peaks of high cell
abundance were detected in October, 2013 and May, 2014, when
the surface water temperature was 17◦C, but also when surface
water was around 20◦C. This suggests an optimal temperature
window of 17–20◦C for A. ostenfeldii in TSB. By comparison,
massive blooms of A. ostenfeldii in the northern Baltic Sea
occurred at water temperatures close to 20◦C (Hakanen et al.,
2012). In Narragansett Bay, Gulf of Maine, United States,
maximum cell abundances were found within a temperature
range from 14.0 to 17.0◦C and the species (cited as synonym
A. peruvianum) was not detected from the water column during
autumn when the temperatures were between 13 and 17◦C
(Borkman et al., 2012). In contrast, in the Beagle Channel,
Argentina the species was recorded at lower temperatures (7.5–
10◦C) during austral spring (Almandoz et al., 2014). The
fact that A. ostenfeldii is globally distributed (Cembella, 2018)
indicates that temperature-adapted variants are common and
that comparisons of temperature tolerance windows among
geographically disjunct populations are not strictly valid.

Due to the increasing global temperature the surface ocean
is anticipated to become more stratified (Stocker et al., 2013).
Garneau et al. (2011) recorded the maximum cell abundance for
A. catenella in summer–autumn along the coast of Oregon and
northern California, during the dry season (reduced freshwater
runoff) with weak upwelling and low nutrients in surface
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waters. Stratification of the water column forming a superficial
stable layer may favor the growth of Alexandrium over other
phytoplankton species during low nutrient conditions in this
stratified layer (Horner et al., 1997). Under such circumstances,
the influence of the ambient water temperature on the temporal
and spatial distribution of A. ostenfeldii may also be indirect,
via contribution to stratification of the water column. More
stratification of the water column should favor growth and
persistence of species such as A. ostenfeldii, a facultatively
mixotrophic dinoflagellate with vertical migration capabilities.
This interpretation is consistent with the evidence that cells
were absent from the water column at TSB during winter (the
2013–2014 monitoring period) and remained <500 cells L−1

during 2016–2017, when the water column was well mixed and
homogeneous. Yet a simple association of A. ostenfeldii with high
stratification is not supported by the data on the apparent lack
of cells in the upper water column during August 2016, during
a period of high surface water temperature (22.9◦C) and strong
stratification.

Nutrients are known to influence the dynamics of
phytoplankton communities in rivers, estuaries and coastal
zones (Anderson et al., 2002). In the same way, inorganic
macronutrients could directly influence growth of A. ostenfeldii
but there were no massive blooms recorded during the sampling
periods in TBS. Furthermore, the high mixotrophic potential
of this species renders it unlikely that inorganic macronutrient
concentrations were directly correlated with or driving cell
growth or biomass yield in TSB. This suggestion agrees with
both Collos et al. (2007) and Brandenburg et al. (2017) who
reported that proliferation of cells of Alexandrium species were
independent of the inorganic nutrient concentrations because
of mixotrophic feeding of the species. During a bloom in the
Baltic Sea, the abundance of A. ostenfeldii cells was related
with warm water, but was not significantly correlated with
dissolved inorganic nutrient concentrations, however, nutrient
concentration were related to the high concentration of resting
cyts in the sediment (Hakanen et al., 2012).

Species Detection and Identification
The presence of A. ostenfeldii in TSB was independently
confirmed by both light microscopy and positive PCR assays
applied to 213 field samples during the two multi-annual periods.
There were significant discrepancies between the results of the
alternative methods, e.g., the molecular approach yielded 27.6%
higher positive detection of the species than microscopy. By
comparison, positive registration of toxic dinoflagellate species
in the Mediterranean Sea by microscopy did not coincide with
detection of the species by PCR. These differences were especially
evident with members of the genus Alexandrium, and varied
among species; the PCR method gave 38% higher detection
for A. catenella, 36% for A. minutum and 20% for undefined
Alexandrium species (Penna et al., 2007).

These discrepancies are related to differences in cell detection
limits for the respective methods. The nominal detection limit
of the Utermöhl method is 20 cells L−1 in a sedimentation
volume of 50 mL when the whole chamber is counted (Edler
and Elbrächter, 2010). In comparison, with a reported PCR

amplification with 1 pg of genomic DNA for Alexandrium
(Penna et al., 2007), and an estimated 115 pg per cell nuclear
DNA content for A. ostenfeldii (Kremp et al., 2009), it is then
theoretically possible to detect a single cell of this species in a field
sample by PCR technique. Therefore, the possibility of detecting
species that are poorly represented in the phytoplankton
community, like A. ostenfeldii, increased significantly due the use
of the PCR technique.

In a few cases (1.88%), A. ostenfeldii cells were identified from
TSB samples by microscopy but were not detected by PCR. This
may be attributable to misidentification of Alexandrium taxa due
to the difficulty of morphological discrimination among closely
related species within this genus (Touzet et al., 2009; Cembella,
2018). In TSB, A. ostenfeldii may be present in different life
history (vegetative cells, gametes, zygotes) and growth stages of
variable morphology. Furthermore, other species of Alexandrium
genus, such as A. catenella (Peña-Manjarrez et al., 2005), may be
present in TSB, and could be misidentified as A. ostenfeldii in the
absence of critical taxonomic analysis.

Accumulation of Spirolides in Mussels
The dinoflagellate A. ostenfeldii was likely responsible for the
accumulation of spirolides in mussels collected in the TSB region
during 2012 (García-Mendoza et al., 2014). Among the diverse
structural sub-types and known analogs of spirolides, only 13-
desmethyl spirolide C was detected in cultivated mussels from
TSB. This indicates that A. ostenfeldii populations in the region
produce primarily or exclusively this spirolide analog and not
other toxins such as PSTs associated with certain A ostenfeldii
strains from global locations. In a phylogenetic study comparing
multiple A. ostenfeldii strains from widely biogeographically
distributed populations, six groups were defined that cluster
genetically and according to toxin profile (Kremp et al., 2014).
Group 1 strains produce both 13-desmethyl spirolide C and
PSTs (Van Wagoner et al., 2011). In contrast, Group 2 members
produce mostly or exclusively 13-desmethyl spirolide C (Franco
et al., 2006; Touzet et al., 2008). The strain present in TSB
therefore seems to belong to this latter group. Populations
of A. ostenfeldii Group 2 have been registered mainly from
eastern Canada, northeast United States, Spain and Irish coasts
(Cembella A. D. et al., 2000; MacKinnon et al., 2004; Percy
et al., 2004). However, it is necessary to isolate local strains to
characterize their toxin profile and to confirm their phylogenetic
relation with other populations of A. ostenfeldii. In addition, it
is necessary to evaluate the toxin content of vegetative cells and
cyts since this might influence the concentrations of spirolides in
mussels.

From 2013 to 2014 13-desmethyl spirolide C was detected in
78.9% of the samples analyzed. There was no apparent seasonality
in the presence of this toxin, as typified by the time-series data
from 2012 when 13-desmethyl spirolide C was detected in most
(80%) of the mussel samples analyzed and was present all year
long without a clear pattern of appearance (García-Mendoza
et al., 2014). In contrast, during the period from 2016 to 2017,
13-desmethyl spirolide C was below the detection limit and this
was related with the absence of the causative species.
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Concentrations of 13-desmethyl spirolide C in this study
were lower than the concentrations recorded in shellfish from
other regions. In Catalonia, NW Mediterranean Sea, 2–16 µg
kg−1 of 13-desmethyl spirolide C was detected in mussels and
oysters (García-Altarez et al., 2014). In shellfish samples from
the Chinese coast the highest concentration of 13-desmethyl
spirolide C was 8.96 µg kg−1 (Wu et al., 2015) and in
Norwegian blue mussels the concentration of this toxin reached
226 µg kg−1 (Rundberger et al., 2011). The concentration of
this spirolide previously reported in mussels from TSB was
higher during the year 2012 (3 µg kg−1) (García-Mendoza
et al., 2014) than recorded in this present study (1.05 µg
kg−1).

In July, 2013 among the highest abundance for the species was
recorded (2.8 and 3.2 × 103 cells L−1), but the concentration
of the 13-desmethyl spirolide C was low (0.54 µg kg−1). The
toxin cell quota is variable and dependent upon environmental
conditions; the physiological state of the cell and the growth
phase influence the cellular concentration of the toxin (Boczar
et al., 1998; Anderson et al., 2012). This variability could explain
the fact that even though one of the highest abundance of
A. ostenfeldii was recorded and presence of the species was
confirmed by PCR, the concentration of 13-desmethyl spirolide
C was near the detection limit. Environmental conditions
during this sampling period could influence the spirolide
production in A. ostenfeldii present in the bay, and this could
explain why there was not a clear correlation between the
abundance of the species and the accumulation of spirolide in
mussels.

At the end of August, 2013 and middle of September, 2013
A. ostenfeldii was not detected in the water samples, but,
nevertheless, one of the highest concentration of 13-desmethyl
spirolide C in this study (1.02 µg kg−1) was recorded from
mussels. Jensen and Moestrup (1997) have proposed that the wide
variation in cell concentrations of this species can also be due to
rapid shifts between pelagic and benthic stages in shallow waters.
Furthermore, A. ostenfeldii has been found to actively produce
temporary cysts in cultures (Hakanen and Kremp, unpubl. data)
and live field samples, although the trigger mechanisms are
not always understood. It has been reported that when there
is only low abundance of A. ostenfeldii vegetative cells in the
water column, the population may have already undergone a life
history transition by forming resting cysts deposited to benthic
sediments as “seedbeds” for subsequent blooms (MacKenzie et al.,
1996). These resting cysts remain toxic and can be ingested by
shellfish directly from the sediments or via resuspension events
driven by wind and other hydrodynamic mechanisms disrupting
the sediments. In such cases, the relatively high concentration of
13-desmethyl spirolide C in the absence of vegetative cells in the
water column could be associated with a rapid proliferation of
cysts and remobilization from the sediments. A routine operation
conducted at shellfish aquaculture farms is the lifting and physical
displacement of lines that sink by the weight of the product
(oyster modules, mussel socks, etc.), and which thereby causes
sediment disruption and resuspension. We cannot therefore
discard the possibility that A. ostenfeldii cysts were available for
the mussels during previous days before sampling the water

column and that the mussels accumulated the toxin from such
cysts, even when vegetative cells could not be detected.

CONCLUSION

Integration of analytical techniques, i.e., optical microscopy,
specific primers for species identification by PCR and LC-MS/MS
for toxin determination in plankton and shellfish tissue matrices,
allowed the confirmation of A. ostenfeldii as the primary and
perhaps exclusive source of spirolide in TSB, and is the first
record of the species in the northwest Pacific coast of Mexico.
The species is a common component of the phytoplankton
community but, typically occurs in low cell abundances. The
analog 13-desmethyl spirolide C was the only spirolide detected
in mussels from TSB, which suggests a very restricted toxin
profile is produced by the dinoflagellate. The species was not
consistently detected when strong stratification and higher
temperatures were recorded in the water column, indicating
that these environmental conditions are not favorable for the
accumulation of this species in the region.
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Benthic-Epiphytic Dinoflagellates on
Two Macroalgae From Coral Reef
Systems of the Northern Mexican
Caribbean
Elda Damaris Irola-Sansores 1, Benjamín Delgado-Pech 1, Ernesto García-Mendoza 2,

Erick J. Núñez-Vázquez 3, Aramis Olivos-Ortiz 4 and Antonio Almazán-Becerril 1*

1 Laboratorio de Ecología Costera, Centro de Investigación Científica de Yucatán, A.C. Unidad de Ciencias del Agua,
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Investigaciones Biológicas del Noroeste, La Paz, Mexico, 4Centro Universitario de Investigaciones Oceanológicas,

Universidad de Colima, Manzanillo, Mexico

In the present study the abundance of epiphytic dinoflagellates was evaluated at two

coral reef sites of the natural protected areas, Arrecife de Puerto Morelos and Isla

Contoy, located in the northern Mesoamerican Reef System of the Mexican Caribbean.

Abundances were monitored from April to December, 2015 on two genera of macroalga

belonging to different functional groups: Dictyota and Amphiroa. In general, the total

abundance of dinoflagellates was higher in Puerto Morelos on both macroalgae.

Ostreopsis cf.marina andO. heptagonawere the dominant species. Relative abundance

of these species varied from 8 to 99% of total epiphytic dinoflagellates. Maximum

abundances at Puerto Morelos were registered in April, with 33,801 cells·g−1 on Dictyota

and 6,264 cells·g−1 on Amphiroa. In Isla Contoy the maximum abundance was 16,006

cells·g−1 and it was detected on Dictyota during December. Other dinoflagellate genera

were more abundant during the warmer period (May–September) in both locations.

Prorocentrum was the second most abundant genus and was represented by six

species (P. hoffmannianum, P. lima, P. belizeanum, P. elegans, P. emarginatum, and

P. rathymum). The maximum pooled abundance of Prorocentrum species was 4,144

cells·g−1 on Dictyota in August. Coolia spp. did not reach abundances higher than 1,000

cells·g−1 and Gambierdiscus spp. only exceeded 100 cells·g−1 during August. Mean

water temperature in Isla Contoy was significantly lower than that of Puerto Morelos

during the entire study period. There was a negative correlation between the water

temperature and the abundance of O. cf. marina. The dominance of Ostreopsis in the

Caribbean is significant because of its capability to produce palytoxin analogs and its

potential role in ciguatera fish poisoning outbreaks in the region. This is the first study that

reports blooms of Ostreopsis in Mexican Caribbean coral reefs, a fact that emphasizes

the significance of this genus at global scale.

Keywords: Ostreopsis, Dictyota, ciguatera, Caribbean Sea, coral reef
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INTRODUCTION

There is the general assumption that ciguatera fish poisoning
(CFP) outbreaks are linked to benthic dinoflagellate blooms,
especially of toxic species of Gambierdiscus genus (Chinain et al.,
1999; Turquet et al., 2001). However, the ecological processes that
occur between the benthic harmful algae blooms and intoxication
in humans are not as clear as planktonic harmful algae blooms
(HABs), which can be more easily detected, especially those
that color the water. For a beter understanding of the ciguatera
phenomenon, it is necessary to increase the knowledge of the
factors that control the abundance of toxin-producing epiphytic
dinoflagellates, such as the influence of environmental variability,
host-epiphytic dynamics, herbivory patterns on the macroalgae
substrates, trophic relationships between vectors and even the
preferences of human consumption on top predator fishes.

Most research has focused on the environmental variability
and host-epiphytic dynamics through the analysis of the
experimental responses of benthic dinoflagellates to variations
of temperature, irradiance, nutrient concentration and salinity
(Bomber et al., 1988; Chinain et al., 1999; Hales et al., 1999;
Anderson et al., 2008; Lartigue et al., 2009; Kibler et al., 2015),
as well as the substrate preference of some dinoflagellate species
(Lobel et al., 1988; Bomber et al., 1989; Nakahara et al., 1996;
Parsons and Preskitt, 2007; Parsons et al., 2011; Rains and
Parsons, 2015), and the monitoring of dinoflagellate abundance
on several substrates and macroalgae (Morton and Faust, 1997;
Vila et al., 2001; Okolodkov et al., 2007, 2014; Moreira et al., 2012;
Cohu et al., 2013). Also, other features such as depth, the water
motion and habitat structure have been studied in relation to
abundance and occurrence of the benthic dinoflagellates (Richlen
and Lobel, 2011; Cohu et al., 2013; Boisnoir et al., 2018; Yong
et al., 2018).

These investigations demonstrate that in many cases,
benthic dinoflagellate abundances are influenced by increased
temperature (Tester et al., 2010; Kibler et al., 2015). On this
basis, seasonal variability of water temperature has received
special attention as a predictive variable of dinoflagellate
abundance and ciguatera outbreaks (Chinain et al., 1999;
Tosteson, 2004; Chateau-Degat et al., 2005; Gingold et al.,
2014). Although temperature could be the most important
variable that explains changes in the abundance of benthic
dinoflagellates, other factors could account for the dominance
of a particular species. Particularly, macroalgal species could
control the population dynamics of associated dinoflagellates.
Macroalgae could promote or inhibit dinoflagellate growth
through providing shelter or surface for attachment (Bomber
et al., 1989; Parsons et al., 2011; Rains and Parsons, 2015).

The historical relationship between dinoflagellates and
macroalgae may be facing a nonreversible change due to the
replacement of macroalgae coastal communities as consequence
of eutrophication and climate change (McCook, 1999). The
impact of these phenomena on benthic communities is especially
evident in tropical coral reefs ecosystems (Hoegh-Guldberg
et al., 2007). These ecosystems constitute a common habitat
for toxin-producing dinoflagellates (Yasumoto et al., 1980;
Chinain et al., 1999). Hard corals are key species in these

ecosystems because they function as shelter for a variety of
species. Coralline macroalgae are associated with the coral in
healthy coral reefs (Björk et al., 1995). However, coral cover is
decreasing dramatically and their skeletons are being colonized
by fleshy opportunistic macroalgae (Kohler and Kohler, 1992).
This implies that macroalgae cover can reach high cover
percentages and, in turn, constitute an extensive substratum for
epiphytic dinoflagellates. Therefore, it is necessary to understand
if the replacement of coralline macroalgae communities with
fleshy macroalgae communities also changes the epiphytic
dinoflagellate assemblage inhabiting them.

In the Mexican Caribbean coast, the CFP is a syndrome
with a relatively high incidence. The main vector of ciguatera
toxins is the great barracuda (Sphyraena barracuda) (Arcila-
Herrera et al., 1998), but other fishes have also been involved
in outbreaks. The presence of several potentially toxic species
of the genera Gambierdiscus, Prorocentrum, Ostreopsis, Coolia,
and Amphidinium has been registered in the Mexican Caribbean
(Hernandez-Becerril and Almazan-Becerril, 2004; Almazán-
Becerril et al., 2015, 2016).

In the coral reefs of the Mexican Caribbean fleshy macroalgae
cover is higher than 50% and may reach 90% at some sites
(Delgado-Pech, 2016). Dictyota is one of the dominant genera
and may account for the 80% of the total macroalgae cover
at some sites and periods. This implies that, as dominant
macroalgae, Dictyota could increase the density of dinoflagellates
in absolute terms (cells·m2).

The aim of this work is to characterize taxonomic composition
and abundance of dinoflagellate community in two functionally
distinct algae: Dictyota and Amphiroa at two sites located at
the northern portion of the Mesoamerican Coral Reef Barrier.
Each genera of macroalgae represent different states of coral reef
health. Dictyota represents an impacted coral reef and Amphiroa
a healthy one.

MATERIALS AND METHODS

Study Area
This study was carried out from April to December 2015 at two
reef sites located in the northernMexican Caribbean: Isla Contoy
(IC) and Puerto Morelos (PM). Both sites are protected natural
areas of the Mesoamerican Reef Barrier System (Figure 1).
Ixlaché reef is located 1 km south of IC. It is a small reef
800m long and 60m wide. Depth varies between 0.5 and 3m,
macroalgae cover is 60%, and is influenced by coastal currents,
waves, tides, and winds predominantly from the southeast and
polar fronts. On the other hand, the Bonanza reef site is part of
the PM reef; it is a shallow area of <2m depth and macroalgae
cover is higher than 75%.

Substrate Selection
Two macroalgae species were selected for this study, each
representing a distinct functional group (Littler et al., 1983;
Steneck and Deither, 1994). Amphiroa is a slow-growing rate
coralline articulated macoalgae present at relatively low cover
in the sites of study. Dictyota is fast-growing rate fleshy, foliose
macroalgae with a high cover. Both sites selected for this study
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FIGURE 1 | Zone of study. Blue point corresponds to the Ixlaché Reef located at the Parque Nacional Isla Contoy, and the red point corresponds to La Bonanza reef

at the Parque Nacional Arrecife de Puerto Morelos. Natural Protected Areas are enclosed with a frame.

are macroalgae-dominated reefs where Dictyota, Turbinaria,
Lobophora, and Laurencia are very common, although patches of
the coralline algae Amphiroa still remain.

Collection of Macroalgae Samples
At each site, 10 specimens of each genus of macroalgae were
collected. The distance between collected specimens was at least
10m according to Lobel et al. (1988). Collected macroalgae were
stored in plastic bags with seawater and placed into a cooler with
water of the site to maintain the temperature. Algae were fixed
with formaldehyde at 4% final concentration and stored until
analysis.

In the laboratory, macroalgae samples were strongly shaken
during 2min to detach epiphytic dinoflagellates. Macroalgae
were separated from the seawater and the excess of water was
removed with absorbent paper. Macroalgae were weighed and
fixed in formaldehyde. A total of 400 samples were processed.

Environmental Variables
Water temperature was recorded every 3 h during the study
period. HOBO Pro-v2 sensors were placed at the reef sites
anchored at the level of the macroalgae mats. For nutrient
determinations, water samples were collected with a 50ml
syringe, previously washed with a 10% HCl solution, connected
to a filter holder containing a Whatman R© membrane filter of
0.22µm size pore and 2.5mm diameter. Filtered seawater was
recovered into a 30ml Nalgene R© polypropylene bottles that were
stored in a cooler with ice. Once in the laboratory the samples
were stored at−80◦C. The quantification of NO−

x (NO−

3 +NO−

2 )

and PO3−
4 was performed by using a Skalar R© segmented flux

autoanalyzer following the techniques described by Strickland
and Parsons (1972) and Grasshoff et al. (1983).

Abundance and Identification of Epiphytic
Dinoflagellates
The abundance of epiphytic dinoflagellates was estimated with
the help of a Carl Zeiss inverted microscope model Axiovert 40
CFL at 10X magnification using a Sedgewick-Rafter counting
chamber. Abundance is expressed in cells·g−1 of wet weight
macroalgae (Reguera et al., 2016).

For dinoflagellate species identification the following
specialized literature was used: Fukuyo (1981), Faust (1990, 1993,
1994, 1995, 1997, 1999), Faust et al. (1996), Litaker et al. (2009),
and Almazán-Becerril et al. (2015, 2016).

Dinoflagellate observations and measurements were made
with an Axio Imager A2 Zeiss microscope at 40X magnification
using the differential interference contrast and epifluorescence
techniques. Photographs of the specimens were taken with an
AxioCam ICc1 digital camera coupled to the microscope. The
image processing was carried out with the software Axiovision R©.

Statistic Analysis
The non-parametric Mann–Whitney U-test (α = 0.05) was
used to compare the dinoflagellate abundance at each sampling
date between sites, and the non-parametric Wilcoxon rank
test (α = 0.05) was used to evaluate the potential differences
between sites during the whole period of sampling by paired
data. The Spearman rank correlation was applied to describe the
community structure on basis of the associations between species
in both macroalgae. The association of temperature and nutrient
concentration was assessed using the same correlation test.
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FIGURE 2 | Species of benthic dinoflagellates found in the study zone. (A) Ostreopsis marina bloom from IC. (B) Epifluorescence images of O. marina epitheca and

(C) hipotheca. (D) Ostreopsis heptagona bloom from PM. Note the presence of some cells of O. marina (arrows). (E) Epifluorescence images of O. heptagona

epitheca and (F) hipotheca. (G) Gambierdiscus sp. (H) Prorocentrum hoffmannianum. (I) Prorocentrum belizeanum. (J) Prorocentrum lima. (K) Prorocentrum

rathymum. (L) Prorocentrum emarginatum. (M) Prorocentrum cf. levis. (N) Coolia sp. Scale bar = 20µm.
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TABLE 1 | Mean abundance (in cells·g−1) by date of the main taxonomic groups of benthic dinoflagellates on the macroalgae Dictyota.

Date Coolia Gamb Ohep Omar Pbel Plev Pemar Phoff Plim Prhat Total

PUERTO MORELOS

Apr17 803 (186) 94 (29) 14,129 (4,677) 19,672 (6,192) 90 (30) 98 (32) 377 (88) 1,188 (323) 1,544 (492) 475 (97) 38,471 (11,420)

May08 263 (77) 23 (16) 20,606 (3,910) 8,132 (1,086) 64 (20) 5 (5) 73 (30) 683 (157) 1281 (327) 516 (82) 31,645 (4,852)

May 29 75 (27) 26 (21) 18,876 (4,876) 967 (343) 41 (18) 13 (9) 115 (49) 621 (127) 1595 (461) 74 (23) 22,403 (5,667)

Jun22 260 (142) 26 (18) 307 (99) 1,559 (537) 71 (23) 61 (54) 178 (85) 544 (172) 811 (338) 142 (32) 3,958 (1,442)

Jul09 369 (112) 50 (12) 179 (50) 922 (272) 51 (19) 20 (6) 63 (25) 373 (85) 1728 (743) 154 (44) 3910 (1,163)

Aug10 673 (136) 180 (59) 11,412 (1,656) 2,713 (643) 35 (13) 100 (30) 178 (48) 799 (245) 2,523 (848) 610 (94) 19,221 (3,081)

Aug28 260 (65) 90 (28) 8,318 (1,295) 172 (35) 146 (47) 77 (21) 136 (40) 724 (181) 1,527 (412) 609 (261) 12,059 (2,034)

Sep17 495 (130) 94 (23) 252 (74) 147 (12) 63 (25) 110 (30) 51 (18) 751 (137) 2405 (253) 479 (73) 4,846 (464)

Nov04 164 (56) 18 (13) 109 (31) 1,574 (365) 28 (8) 8 (6) 21 (11) 74 (20) 534 (124) 59 (18) 2,590 (480)

Dec02 42 (13) 15 (8) 14 (8) 1,917 (519) 13 (6) 3 (3) 9(4) 59 (13) 211 (52) 3 (3) 2,285 (546)

ISLA CONTOY

Apr17 777 (215) 25 (6) 0 548 (161) 35 (12) 29 (10) 46 (15) 181 (59) 117 (33) 84 (20) 1,843 (511)

May08 279 (74) 3 (2) 0 7,446 (1681) 20 (7) 5 (3) 17 (7) 136 (29) 117 (20) 7 (4) 8,031 (1,721)

May29 60 (24) 10 (10) 0 220 (98) 31 (22) 0 80 (19) 66 (22) 59 (21) 0 528 (156)

Jun22 169 (41) 19 (5) 0 2,094 (399) 60 (14) 3 (2) 151 (25) 98 (21) 50 (10) 21 (8) 2,665 (417)

Jul09 79 (44) 3 (3) 0 937 (519) 22 (8) 5 (3) 56 (16) 194 (57) 130 (25) 19 (9) 1,445 (578)

Aug10 457 (149) 67 (15) 0 72 (24) 82 (17) 27 (14) 125 (23) 337 (33) 245 (46) 45 (11) 1,457 (202)

Aug28 648 (165) 70 (23) 7 (6) 144 (31) 45 (11) 34 (19) 199 (34) 252 (49) 180 (47) 39 (14) 1,619 (241)

Sep17 615 (124) 75 (20) 10 (5) 247 (75) 64 (17) 93 (23) 182 (44) 185 (34) 148 (28) 41 (20) 1,658 (250)

Nov04 184 (52) 30 (13) 6 (6) 581 (140) 7 (5) 0 28 (11) 75 (20) 76 (21) 10 (6) 997 (168)

Dec02 11 (6) 5 (3) 284 (84) 15,721 (3,677) 25 (11) 2 (2) 2 (2) 59 (20) 49 (16) 3 (3) 16,160 (3,770)

The number between parentheses represents the standard error.

TABLE 2 | Mean abundance (in cells·g−1) by date of the main taxonomic groups of benthic dinoflagellates on the macroalgae Amphiroa.

Date Coolia Gamb Ohep Omar Pbel Plev Pemar Phoff Plim Prhat Total

PUERTO MORELOS

Apr17 160 (47) 4 (4) 4,625 (960) 1,639 (382) 9 (7) 16 (5) 16 (6) 92 (26) 192 (32) 28 (7) 6,781 (1,334)

May08 36 (12) 5 (4) 7,109 (832) 1,199 (208) 22 (5) 3 (3) 5 (4) 130 (22) 212 (110) 81 (30) 8,804 (964)

May29 6 (5) 3 (3) 849 (314) 9 (6) 3 (2) 2 (2) 8 (4) 27 (8) 63 (22) 8 (4) 978 (335)

Jun22 16 (4) 3 (2) 191 (47) 377 (65) 1 (1) 0 7 (4) 59 (16) 76 (14) 5 (3) 734 (114)

Jul09 49 (16) 7 (5) 122 (33) 428 (138) 24 (11) 0 25 (9) 159 (72) 422 (156) 9 (8) 1,243 (361)

Aug10 66 (22) 48 (35) 1,029 (237) 227 (62) 38 (19) 11 (7) 37 (19) 126 (24) 358 (51) 25 (9) 1,964 (372)

Aug28 54 (28) 11 (5) 3,150 (1,087) 196 (75) 16 (8) 16 (9) 0 163 (49) 361 (120) 44 (18) 4,010 (1,329)

Sep17 44 (14) 13 (5) 246 (70) 61 (30) 13 (5) 4 (3) 3 (3) 116 (31) 607 (122) 14 (6) 1,119 (230)

Nov04 39 (13) 28 (7) 69 (21) 533 (118) 13 (5) 5 (5) 5 (5) 55 (15) 202 (54) 8 (4) 956 (186)

Dec02 47 (20) 71 (35) 347 (139) 2,665 (864) 0 0 7 (5) 18 (10) 88 (30) 20 (20) 3,263 (1,020)

ISLA CONTOY

Apr17 2 (2) 3 (2) 0 623 (303) 4 (1) 3 (2) 2 (1) 17 (3) 26 (8) 4 (2) 684 (315)

May08 123 (75) 0 0 4,425 (1,504) 24 (20) 2 (2) 13 (9) 157 (77) 213 (106) 8 (8) 4,965 (1,737)

May29 6 (2) 0 0 28 (10) 0 0 18 (4) 17 (7) 3 (2) 1 (1) 73 (11)

Jun22 21 (5) 7 (4) 0 144 (31) 5 (3) 3 (2) 44 (12) 38 (18) 27 (16) 1 (1) 290 (71)

Jul09 44 (12) 11 (6) 0 85 (37) 17 (6) 0 33 (9) 57 (12) 100 (42) 1 (1) 347 (85)

Aug10 111 (20) 13 (7) 0 85 (18) 47 (12) 4 (4) 98 (20) 131 (17) 76 (25) 0 565 (78)

Aug28 206 (44) 6 (5) 0 14 (14) 13 (7) 54 (22) 28 (13) 79 (16) 45 (9) 0 445 (78)

Sep17 276 (89) 14 (7) 5 (5) 221 (91) 12 (6) 43 (14) 46 (13) 82 (20) 41 (12) 3 (3) 743 (196)

Nov04 115 (44) 46 (24) 22 (10) 1,105 (261) 21 (11) 6 (6) 0 48 (31) 47 (17) 0 1,410 (326)

Dec02 18 (7) 0 24 (13) 793 (165) 0 0 3 (3) 28 (16) 31 (24) 0 897 (179)

The number between parentheses represents the standard error.
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RESULTS

Dinoflagellate Species
We recorded species of the genera Gambierdiscus, Coolia,
Prorocentrum, Ostreopsis, Amphidinium, Bysmatrum, and

Sinophysis. Identification of the species of Gambierdiscus and
Coolia is difficult based only on the characters observed (size

and shape of the cells) during the evaluation of abundance.

Therefore, hereafter the Gambierdiscus and Coolia specimens

will be referred as Gambierdiscus spp. and Coolia spp. Five
species of Ostreopsis were observed but only two of them

accounted for more of the 95% of the abundance of this genus.

These two morphotypes of Ostreopsis, were clearly differentiated

during the counting and were designated as O. cf. marina and

O. heptagona. Finally, six Prorocentrum species were found:
P. belizeanum, P. emarginatum, P. hoffmannianum, P. lima.
P. cf. levis, and P. rathymum. Gambierdiscus spp. Coolia spp.,
Ostreopsis cf. marina, O. heptagona, and the six Prorocentrum
species were the most abundant groups found in the samples,

therefore, the analysis was constrained to these taxa. Figure 2
shows the main species recorded in the zone of study.

Abundance Variability
Taking into account the entire sampling period, total abundance
of epiphytic dinoflagellates was higher at PM on both algae
(Tables 1, 2; Figure 3). However, when the total abundance
and the abundance by group were compared at each sampling
date, it became evident that the numeric differences were not
always significant for all groups (Table 3). Total dinoflagellate
abundances on Amphiroa were significantly higher at PM during
all sampling dates (p < 0.05, Mann–Whitney test) except for
Sep17 and Nov09 when no differences were detected. In Dictyota
total abundances were higher in PM during the entire study
period, except on Jun22 when no differences were detected.

In PM, the maximum mean abundance recorded in Dictyota
was 38,471 ± 11,420 cells·g−1 on Apr16. In the case of
Amphiroa, the maximum abundance was 8,803 ± 964 cells·g−1

and was recorded on May08. At IC the maximum density of

FIGURE 3 | Variability of total benthic dinoflagellate abundance on (A) Amphiroa at Puerto Morelos and (B) Isla Contoy, and on Dictyota at (C) Puerto Morelos and (D)

Isla Contoy.
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TABLE 3 | P-values of the abundances comparisons of the main taxonomic groups of epiphytic dinoflagellates at each sampling date between sites (Mann–Whitney test,

α = 5%).

Apr17 May08 May29 Jun22 Jul09 Aug10 Aug28 Sep17 Nov04 Dec02

Amphiroa

Total <0.001 <0.05 <0.001 <0.001 <0.01 <0.01 <0.001 ns ns <0.01

Omar <0.05 ns ns <0.001 ns <0.05 <0.001 ns ns <0.05

Ohep <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.05 <0.05

Ptot <0.001 ns <0.05 ns <0.05 ns ns <0.001 ns ns

Gamb ns ns ns ns ns ns ns ns ns ns

Coolia <0.001 ns ns ns ns ns <0.001 <0.01 ns ns

Dictyota

Total <0.001 <0.002 <0.001 ns <0.05 <0.001 <0.001 <0.001 <0.01 <0.001

Omar <0.001 ns ns ns ns <0.001 ns ns 0.02 <0.001

Ohep <0.002 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.01

Ptot <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 ns

Gamb ns ns ns ns <0.001 ns ns ns ns ns

Coolia ns ns ns ns <0.05 ns ns ns ns ns

The abundances were higher at PM except in the case of the values indicated in bold.

dinoflagellates on Dictyota occurred on Dec02 (16,160 ± 3,770
cells·g−1), and on Amphiroa the highest abundance was 16,160
± 3,770 cells·g−1 in May08. In PM, the maximum individual
abundance was registered on Dictyota during Apr16 (112,293
cells·g−1).

Dominant species during most of the period were
Ostreopsis heptagona and O. cf. marina Therefore, the
variability of total abundance of epiphytic dinoflagellates
were due the variation in the contribution of these
species at each site. In fact, the contribution of
Ostreopsis species varied linearly with total abundance
(Figures 4A,B).

The contribution of O. cf.marina was important at both sites,
but O. heptagona was important only in PM because this species
was absent at IC during almost the entire sampling period. O. cf.
marina and O. heptagona reached maximum densities of 53,231
and∼46,462 cells·g−1 on a Dictyota sample during Apr16.

The contribution of Gambierdiscus spp. to total abundance
was marginal on both macroalgae and at both sites: from 0 to
3.26% on Amphiroa, and from 0 to 4.6% onDictyota. The highest
abundance of this group on Dictyota was found at PM on Aug10
(178± 60 cells·g−1); and on Amphiroa the maximum abundance
was observed on Dec02 (71± 38 cells·g−1).

The most abundant species of Prorocentrum were P.
hoffmannianum and P. lima on both algae, representing the
largest fraction of this genus (50–94%). Prorocentrum was
important (65% of total abundance) whenOstreopsis abundances
were low. Maximum abundance of all Prorocentrum species was
registered at PM on Dictyota (4,144 cells·g−1).

The contribution of Coolia spp. to total abundance was lowest
at PM. This genus did not present a contribution higher than 10%
on both algae. In contrast, in IC on some dates it reached more
than 30% on both macroalgae. The abundance of this group was
lower than 1,000 cells·g−1on, and its abundance on Amphiroa
was always lower than 300 cells·g−1.

Associations Between Species
There were more correlations between species on Dictyota than
on Amphiroa in both sites (Table 4). Prorocentrum lima, P.
belizeanum, and P. hoffmannianum were correlated with each
other on Amphiroa at both sites but not on Dictyota. Also P.
rathymum was correlated withO. heptagona on Amphiroa at PM.
Given that this species was almost absent at IC, the correlation
did not exist at this site. At Isla Contoy, P. hoffmannianum,
and P. cf. levis were correlated with Coolia spp. The association
between P. lima and P. hoffmannianum was the only association
detected in both algae at both sites. On Dictyota, the community
structure was more complex because it included the correlations
of Coolia with Gambierdiscus, and each of these genera with the
Prorocentrum species. The negative correlations of O. marina
(with Gambierdiscus, P. emarginatum, and P. hoffmannianum)
were particularly important, but this only occurred at IC.

Temperature and Nutrients
The temperature varied from 24.04 to 30.20◦C at IC and from
26.68 to 29.7◦C at PM. Warmer temperatures were registered
between August and September, and April was the coldest month
in both sites (Figure 5). Over the entire sampling period, mean
water temperature was slightly lower at IC (28.25◦C) than at
PM (28.74◦C). Although small, this difference was significant
(p< 0.05,Wilcoxon test). OnApr17, the temperature was 1.46◦C
higher at PM (27.90◦C) than IC (26.44◦C). Over the rest of
the sampling period, the temperature differences between sites
were lower than 1◦C. After May29, the temperature decreased
almost 1◦C at both sites, followed by a gradual increase until the
maximum value in August–September. This behavior is common
in the zone and is related to the influence of the polar fronts
coming from the north from December to February, although
during the year of study, polar fronts occurred until July. For
example, the event which occurred during June 12–19 was
intense enough to decrease the temperature recorded on Jun22.
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FIGURE 4 | Relationship between the contribution of Ostreopsis species

abundance in cells·g−1 (O. marina + O. heptagona) with total abundance on

Amphiroa (A) and Dictyota (B).

High NO−
x (NO−

3 +NO−

2 ) concentrations were measured on
both sites with mean values of 8.0 and 7.8 µmol·l−1 for PM
and IC, respectively, but no significant differences were detected
along the entire period of study. Conversely, PO−3

4 concentration
was different between sites: 2.3 µmol·l−1 at IC and 2.4 µmol·l−1

in PM (p < 0.05, Wilcoxon test). NO−

3 and PO−3
4 showed a high

correlation at PM (r = 0.95) but not for IC. Temperature did not
correlate with nutrients at PM nor IC (p > 0.05, Spearman rank
correlation).

Effect of Environmental on Dinoflagellate
Abundances
The correlation between temperature and the abundance of O.
cf. marina is shown in Figure 6. At both sites and on both algae
this species showed a negative correlation with temperature (p
< 0.05, Spearman rank correlation). Maximum abundances were
detected at temperatures between 27 and 28◦C, independent of
the macroalgae substrate. In contrast, Prorocentrum lima and
P. emarginatum were positively correlated with temperature at
IC and only on Dictyota: r = 0.66 and r = 0.79, respectively.
A negative correlation between O. heptagona and PO−3

4

concentration was found at PM on both algae (r = −0.67 and
r = 0.7 on Amphiroa and Dictyota, respectively). Correlations
with NO−

3 only were observed at IC with the abundances of
P. emarginatum, P. rathymun, and Coolia spp. on Dictyota
(Table 5).

DISCUSSION

Taxonomic Composition of Epiphytic
Dinoflagellates
Describing the taxonomic composition of epiphytic
dinoflagellates is more complicated now than in the past
because at present there are more described species for each of
the benthic genera. Pioneer studies on benthic dinoflagellates
considered all specimens with the typical shape of Gambierdiscus
to be G. toxicus, or all those individuals similar to Coolia as
C. monotis. However, Faust (1995) and Litaker et al. (2009)
increased to four the richness of the genus Gambierdiscus in
the Caribbean: G. belizeanus, G. caribaeus, G. carolinianus,
and G. carpenteri. Also the number of Coolia species increased
after reports of the presence of C. tropicalis, C. santacroce,
C. malayensis, and C. areolata (Faust, 1995; Karafas et al.,
2015; Almazán-Becerril et al., 2016). Since the morphological
identification of each of these species involves the inspection and
analysis of the thecal plates, which is not a practical procedure
given the high number of samples to analyse, it was necessary to
join the species of each genus and consider them as taxonomic
groups, although the ecological behavior of individual species of
the same genus remain unclear.

Prorocentrum has the highest richness among the benthic-
epiphytic thecate dinoflagellates, and the Caribbean harbors a
great fraction of these species (Faust, 1990, 1993, 1994, 1997),
however, just some of them are common in the macroalgae
samples which allow an easier identification of the specimens.
Prorocentrum lima, P. hofmmaniannum, P. belizeanum. P.
rathymum, and P. emarginatum are well-recognized under light
microscope as different species.

Ostreopsis taxonomy represents a challenge due to the lack
of specific morphological characters for species discrimination
(Penna et al., 2005; Parsons et al., 2012), however, in this study
two Ostreopsis species were identified as O. heptagona and O.
cf. marina. In the first case, the contact between the plates
4′ and 4′′ (according to the interpretation of Besada et al.,
1982) was an adequate characteristic to identify this species. The
other species was referred as O. cf. marina because the original
description of this species made by Faust (1999) matches with the
characteristics of the specimens observed in this study. A closely
related morphological species is O. lenticularis, also reported for
the Caribbean (Ballantine et al., 1988; Moreira et al., 2012, 2017),
which has nearly the same shape (Fukuyo, 1981; Faust, 1999).
However, the size reported for this species in the literature is
consistently lower than the size of the specimens observed in this
study. Therefore, the discrimination of the specimens of these
two species under microscope during counting was based on
the size and shape of the specimens and was ratified by plate
analysis of some cells in several samples. As consequence, the

Frontiers in Marine Science | www.frontiersin.org 8 December 2018 | Volume 5 | Article 487146

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Irola-Sansores et al. Benthic Dinoflagellates in the Mexican Caribbean

TABLE 4 | Correlations between dinoflagellate species on the same macroalgae.

Amphiroa Dictyota

Puerto Morelos Isla Contoy Puerto Morelos Isla Contoy

P. belizeanum-P. lima 0.74* 0.89***

P. belizeanum-P. hoffmannianum 0.81** 0.84**

P. belizeanum-P. rhathymum 0.66*

P. belizeanum-P. emarginatum 0.67* 0.76*

P. hoffmannianum-P. lima 0.77** 0.84** 0.66* 0.95***

P. hoffmannianum-P. emarginatum 0.67*

P. hoffmannianum-P. rhathymum 0.77** 0.75*

P. hoffmannianum-P. cf. levis 0.79** 0.79**

P. lima-P. cf. levis 0.74* 0.77**

P. rhathymum-P. cf. levis 0.79**

P. rhathymum-P. lima 0.66*

P. rhathymum-O. heptagona 0.84**

Coolia spp.-P. hoffmannianum 0.84** 0.80** 0.66*

Coolia spp.-P. cf. levis 0.68* 0.75* 0.81**

Coolia spp.-P. lima 0.69* 0.69*

Coolia spp.-P. rhathymum 0.65* 0.83**

Coolia spp.-Gambierdiscus spp. 0.83** 0.66*

Gambierdiscus spp.-P. hoffmannianum 0.87**

Gambierdiscus spp.-P. lima 0.85**

Gambierdiscus spp.-P. belizeanum 0.64*

Gambierdiscus spp.-P. rhathymum 0.71* 0.63*

Gambierdiscus spp.-P. cf. levis 0.94***

Gambierdiscus spp.-P. emarginatum 0.68*

O. heptagona-P. emarginatum 0.65*

O. heptagona-P. hoffmannianum 0.65*

O. marina-Gambierdiscus spp. −0.71*

O. marina-P. emarginatum −0.69*

O. marina-P. lima −0.70*

Numbers indicate the Rho value of the Spearman rank correlation test.

*p < 0.05, **p < 0.01, ***p < 0.001.

taxonomic composition of epiphytic dinoflagellates cannot be
unequivocally determined by using the standard methodology
(rough morphometric discrimination), and for purposes of
practicality and comparability it is necessary to work with this
“schematic” community.

The taxonomic composition of the epiphytic dinoflagellate
community on the surveyed algae of this study is quite similar
to those reported in similar studies in the Caribbean (Morton
and Faust, 1997; Delgado et al., 2006; Boisnoir et al., 2018) and
other regions of the North Atlantic like the south of the Gulf
of Mexico (Okolodkov et al., 2007, 2014) or Florida (Bomber
et al., 1989) and even in the Pacific (Parsons and Preskitt, 2007;
Richlen and Lobel, 2011) although each species (or genus) did
not contribute in the same proportion to the total abundance.
For example, Delgado et al. (2006) found that P. lima and G.
toxicus were more abundant than O. lenticularis and C. monotis,
whereas Boisnoir et al. (2018) reported that Ostreopsis spp. and
Prorocentrum spp. were numerically more abundant than Coolia
and Gambierdiscus. In the Gulf of Mexico, Okolodkov et al.
(2007) found that depending of the site and the date P. lima or

C. monotis could dominate the community, and in the Yucatan
coast, Prorocentrum species, particularly P. rathymum was the
dominant species on seagrass meadows present in Yucatan coast
(Okolodkov et al., 2014).

Abundance and Seasonal Patterns
The results of this study demonstrate that all the taxonomic
groups were present on both algae at both localities, excepting
O. heptagona which was almost absent at IC with only a few cells
observed between September and December. As the distribution
of this species comprises the Gulf of Mexico, Florida and the
Caribbean (Bomber et al., 1989; Faust et al., 1996), its low
abundance at IC during the period of study could be the effect of
a local characteristic of the site, because at the same time a high
number of specimens were detected at PM.

The short period of sampling of this study was not enough
to determinate seasonal patterns for any species of dinoflagellate
(although positive significant correlations were found between
temperature and P. lima and P. emarginatum) and it appears that
more time is necessary to characterize seasonal variability. For
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FIGURE 5 | Variability of the water temperature at Puerto Morelos (blue line),

and Isla Contoy (red line). Dotted lines indicate the mean water temperature of

each series. The black arrow indicates a period of an intense polar front

occurred in the zone during 6–9 June (winds 55–87 km/h). These events have

the potential to remove a great fraction of macroalgae in the zone. Data of

temperature were acquired every 3 h. Temperature series were filtered and

binned to have only one data per day. Sensors were placed at the same depth

(∼1.5m) in both sites to make data comparable.

example, Ballantine et al. (1988) found evidence of seasonality
in Gambierdiscus and O. lenticularis in Puerto Rico in a 3-year
study. Also, Chinain et al. (1999) used a 5-year time series to
describe the seasonality of Gambierdiscus spp. at Tahiti, and
Chateau-Degat et al. (2005) used an 8-year study in French
Polynesia to describe the seasonal behavior of Gambierdiscus.
Higher abundances were observed during April and May 08 on
both algae in PM, and inMay 08 for both algae at IC, additionally
the higher abundance in Dictyota at IC was detected on Dec02.

These fluctuations were dominated by the contribution of
Ostreopsis species which was largely variable and increased
linearly with total abundance. The high abundance of Ostreopsis
species was also reported at the Caribbean in Cuba (Moreira
et al., 2012, 2017) and Puerto Rico (Ballantine et al., 1988) where
O. lenticularis reached higher abundances than the reported in
this study (Table 6). When the abundance of Ostreopsis species
was removed from the data, the contribution of Coolia spp., P.
lima, and P. hoffmannianum were more important, while the
abundance of Gambierdiscus spp. and the rest of Prorocentrum
species was almost marginal. Prorocentrum lima is a conspicuous
member of benthic dinoflagellate communities in the Caribbean
and Gulf of Mexico where it attaches to a variety of algae and
seagrasses and at some sites could be the dominant species with
maximum abundances above 10,000 cells·g−1 on phaeophyte
algae (Delgado et al., 2006), and up to 29,756 cells·g−1 of
Thalassia testudinum (Okolodkov et al., 2007). Also, at Florida
Keys, Bomber et al. (1989) found that P. limawas more abundant
on green algae Penicillus capitatus and Avrainvillea nigricans as
compared to other brown or red algae species.

The case of Gambierdiscus abundance is remarkable because
the species of this genus and those of Fukuyoa are thought to

FIGURE 6 | Relationship between Ostreopsis marina abundance and water

temperature on (A) Amphiroa and (B) Dictyota. The highest abundance of this

species occurred between 27–28◦C in both sites on both macroalgae.

be primarily responsible for the toxin production involved in
ciguatera intoxications. Although there is an intrinsic difficulty
in comparing abundances between different studies based on
number of cells normalized by wet weight of macroalgae due
to the high variability of weight to surface area ratios between
the different groups of host macroalgae (Lobel et al., 1988),
there are some reports of high abundances of Gambierdiscus
spp. on Dictyota in the Caribbean. For example, Ballantine et al.
(1988) reported a maximum abundance slightly higher than
2,000 cells·g−1 in Puerto Rico and Morton and Faust (1997)
found 400 cells·g−1 in Belize. Also, Bomber et al. (1989) reported
a maximum mean value of 8,191 ± 300 cells·g−1 in Florida. In
contrast, theGambierdiscus abundances found onDictyota in this
study were similar to the values reported by Lobel et al. (1988) at
the Caribbean Island St. Barthélemy (5–56 cells·g−1). The factors
that control the abundance of Gambierdiscus populations in the
zone remain to be solved.

In the Caribbean high abundances of Ostreopsis lenticularis
has been reported for Puerto Rico (Ballantine et al., 1988) and
Cuba (Moreira et al., 2012, 2017), but no reports of high densities
exist forO.marina andO. heptagona in this region.Table 5 shows
that maximum densities recorded for Ostreopsis species in the
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TABLE 5 | Correlation of epiphytic dinoflagellates with temperature and nutrients.

Amphiroa Dictyota

Isla Contoy Puerto Morelos Isla Contoy Puerto Morelos

T NO−
x PO3−

4 T NO−
x PO3−

4 T NO−
x PO3−

4 T NO−
x PO3−

4

Omar −0.69* −0.87** −0.74* −0.79**

Pemar 0.63* 0.79** 0.75*

Plim 0.66*

Prhat 0.82**

Ohep −0.67* −0.70*

Coolia 0.64*

*p < 0.05, **p < 0.01.

TABLE 6 | Abundances from the literature of Ostreopsis species on the macroalgae Dictyota in the Caribbean basin.

Site Species Maximum abundancea Date of maximum

abundance

Number of

replicates

Period of study References

La Parguera, Puerto Rico O. lenticularis 1.6 × 104/4.4 × 104* September 1985 4–5 October 1983–June 1986 Ballantine et al., 1988

Coral Reef off Belize O. lenticularis 4 × 102 – – May–June 1994 Morton and Faust, 1997

Cienfuegos Bay, Cuba O. lenticularis 5.3 × 105 February 2012 2 May 2011–March 2012 Moreira et al., 2017

Cienfuegos Bay, Cuba O. lenticularis 7.9 × 104 June 2010 2 January–September 2010 Moreira et al., 2012

Puerto Morelos, México O. heptagona 2.1 × 104/4.8 × 104 May 2015 10 April–December 2015 This study

Puerto Morelos, México O. cf. marina 2.0 x 104/5.3 x 104 April 2015 10 April–December 2015 This study

aMean maximum abundance values/*maximum abundance in any sample.

Caribbean vary from 102 to 105 cells·g−1 in Dictyota. Indeed,
the highest abundance was recorded in Cuba (531,000 cel·g−1)
that is two times the maximum value reported by Ballantine et al.
(1988) for the same species at Laurel Reef site, in Puerto Rico
(235,803 cells·g−1). High abundances have been reported for O.
siamensis (Shears and Ross, 2009) at New Zealand coasts (1.4 ×

106 cells·g−1 of Carpophyllum plumosum) and for O. cf. ovata
at the Mediterranean (Cohu et al., 2013) where the maximum
abundance recorded was 8.54 × 106 cells·g−1 of Dictyota spp.
These results demonstrate that at temperate and tropical latitudes
Ostreopsis species can reach high abundances, emphasizing the
potential of Ostreopsis species to produce large benthic blooms
globally (Rhodes, 2011).

Community Structure on Dictyota and
Amphiroa
In terms of abundance, both algae are used as substrate by all
species. However, in terms of community structure, correlation
between species can be used to know if the substrate offers
common advantages for different species, or if the increase of
one species implies the decrease of another. The results of this
study suggest that the structure of the epiphytic dinoflagellate
community is different on each of the host algae Amphiroa and
Dictyota, and there are even differences in the same alga between
sites. These findings suggest that Prorocentrum species andCoolia
constitute the basic structure on Amphiroa, and on Dictyota the
structure is given by Prorocentrum, Gambierdiscus and Coolia
that share the habitat. In addition, O. marina presents habitat

separation with Prorocentrum and Gambierdiscus. A negative
correlation between Ostreopsis and Prorocentrum was reported
by Richlen and Lobel (2011) in the Pacific, but Boisnoir et al.
(2018) found the contrary in the Eastern Caribbean. Also, the
habitat separation between Gambierdiscus and Ostreopsis has
been reported by Bomber et al. (1989) in Florida, but in the
Caribbean, Ballantine et al. (1988) did not find evidence of
correlation between these genera. The dominance of Ostreopsis
over the other genera of dinoflagellates could be related to its
preference to sites with little water motion, as these are shallow
sites (Richlen and Lobel, 2011; Cohu et al., 2013; Boisnoir et al.,
2018)

The Effect of Environment on the
Population Dynamics
The distance between study sites is nearly 50 km; both sites are
shallow and located in the northern region of the Mesoamerican
Barrier Reef System. Therefore it is reasonable to suppose
that these sites also undergo the same climatological and
oceanographic conditions, generating similar abundances and
taxonomic compositions of dinoflagellate populations. However,
the results showed some important differences. For example, the
differences in temperature are low but significant and this could
be explained by the climate patterns. The region presents three
seasons: (1) the season influenced by polar fronts (locally called
“nortes”) between December and February, (2) the dry season
between March to May, and (3) the rainy season between June
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and November. The presence of a polar front can occur year-
round (Henry, 1979), but its intensity is higher during winter.
During 2015 the cold fronts were intense even during July (2015).
Figure 5 shows the temperature series in the study sites. Both
series have the same behavior but the magnitude of the variations
is higher at IC than PM. The main effect of the polar fronts on
the shallow aquatic ecosystems is the abrupt decrease of water
temperature, but also the generation of strong movement of
the surface layer of water. The energy of polar fronts decreases
as they flow southward, therefore their effect on the coral reef
systems should be higher at IC than PM. Since the energy of polar
fronts removes host macroalgae, the turnover of dinoflagellate
populations could be higher at IC, preventing their accumulation
and resulting in higher abundances at PM. As the nutrient
concentration remains high year-round, Dictyota can recover its
biomass and abundance in short periods, providing surface for
the attachment ofOstreopsis, which also grows rapidly (Ballantine
et al., 1988). This implies that Dictyota and Ostreopsis are
opportunistic genera exploiting an expanding habitat produced
by the phase shift in the coral reefs.

Implications of Ostreopsis Blooms in the
Caribbean Coral Reefs
The presence of Ostreopsis blooms on Dictyota along the
Caribbean coasts has some ecological implications. First, toxicity
has been reported in populations of O. lenticularis from Cuba
and Puerto Rico (Ballantine et al., 1988; Moreira et al., 2012),
as well as O. heptagona (Norris et al., 1985); in addition, some
samples of O. cf. marina taken after the sampling period of this
study showed toxicity on mouse bioassays and hemolytic activity
(unpublished data). In fact,Ostreopsis species produce palytoxin-
like compounds which are involved in human intoxications and
possibly mass mortality of vertebrates and invertebrates (Ramos
and Vasconcelos, 2010; Faimali et al., 2012; Patocka et al., 2017).
Secondly, Dictyota is a macroalgae favored by the changes in
the coral reef systems. In the sites studied these algae can form
mats of several tens of square meters, at times reaching nearly
80% of cover (Delgado-Pech, 2016). However, the low palatability
of Dictyota to larger benthic herbivores reduces grazing (Cruz-
Rivera and Villareal, 2006) and prevents the flux of toxins to
higher trophic levels. Dictyota mats are persistent, growing on
other calcareous and coralline algae, corals and any other hard
surface. Still, their attachment to the substrate is not firm enough
to avoid detachment by the strong waves formed under the
influence of polar fronts. During these events, the cover of
Dictyota and the abundance of Ostreopsis decrease in the benthic
environment, although, in the case of Ostreopsis, the cells (and
their toxins) could remain in the water column and possibly
enter the planktonic food web. If the coral-algal phase shift
in the Caribbean results in dominance of Dictyota and other
fleshy macroalgae, toxic Ostreopsis species could increase their
abundance and distribution and cases of ciguatera and other
syndrome of benthic origin could become a more serious public
health problem in the region.

CONCLUSIONS

The taxonomic composition of epiphytic dinoflagellates
inhabiting the macroalgae from the northern of the
Mesoamerican Coral Reef Barrier was comprised of species of
the genera Ostreopsis, Prorocentrum, Coolia, and Gambierdiscus.

Ostreopsis was the dominant genus in the sites studied.
Particularly, O. cf. marina and O. heptagona reached maximum
densities of 53,000 and 48,000 cells·g−1 on Dictyota. However,
the period of sampling was not enough to detect seasonal trends
of the dinoflagellate species.

Total abundances were higher in PM on both algae. These
differences could be attributed to the intensity of environmental
variables. For example, the lower temperature and the higher
effect of polar fronts in IC could prevent the accumulation of
epiphytic dinoflagellates.

O. marina showed a negative correlation with temperature
between 27 and 30◦C. On the contrary P. lima and P.
emarginatum showed a positive correlation with temperature at
IC on both macroalgae.

Nutrient concentrations NO−
x and PO3−

4 were higher in both
sites during the whole period of study, but in the most of the
cases their concentration was not correlated with the abundance
of dinoflagellates, excepting O. heptagona which showed a
negative correlation with PO3−

4 concentration. On the contrary,
P. emarginatum, P. rathymum, and Coolia spp. were positively
correlated whit NO−

x on Dictyota at IC.
The structure of epiphytic dinoflagellates was different

between algae. There were more correlations between species on
Dictyota than Amphiroa. The association between P. lima and P.
hoffmannianum was the only one detected in both algae and in
both sites.

The high cover of Dictyota in the study zone and the high
abundance of O. cf.marina and O. heptagona on this macroalgae
could represent a risk for human and marine fauna health if
production of toxins is confirmed in this species.

The report of Ostreopsis blooms in the Mexican Caribbean
coasts and the reports of blooms of this genus in other sites along
the Caribbean basin emphasize the importance of this genus
worldwide.
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In southern Chile, Alexandrium catenella is the main species generating harmful algal
blooms (HABs) and over time it has expanded its range since it was first recorded in the
Magallanes region in 1972. In 2016 a severe bloom of an Alexandrium species occurred,
which was notable for its intensity and geographical extent, extending into new areas
to the north of the Patagonian fjords including areas along the open Pacific Ocean
coast. Given the exceptional nature of this event, we verified the taxonomic classification
of the species that generated the bloom and evaluated the influence of the range
expansion process on its genetic structure and population diversity. This was achieved
by isolating clones collected in 2014 from cyst beds located at the northern limit of its
then known distribution, along with clones isolated from the water samples taken during
the 2016 bloom. These clones were characterized genetically with LSU rDNA and AFLPs
molecular markers. Phylogenetic analyses showed that all clones were aggregated in
the Group I of the A. tamarense species complex, which confirmed that A. catenella
was the species responsible for the 2016 bloom. High genetic diversity was observed
within populations though there were no significant differences between populations.
Furthermore, genetic structure showed an isolation by distance relationship among
populations, and several analyses consistently indicated a high divergence among the
population groups derived from both cysts and vegetative cells. Despite this study not
finding the patterns expected for species range expansion (i.e., diversity gradient and/or
high population divergence), the genetic diversity and structure indicated that these were
influenced by the geographic distance effect and the physical restrictions to gene flow,
along with the demographic processes that occurred during the distinct phases of the
life cycle of A. catenella.

Keywords: Alexandrium catenella, south Chile, range expansion, genetic population, bloom, Patagonian fjords,
Pacific Ocean coast
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INTRODUCTION

Around the world, factors such as climate change and
eutrophication of coastal waters have favored the recurrence
and severity of harmful algal blooms (HABs), increasing the
probability that harmful species will expand their ranges to new
areas (Wells et al., 2015). Species of the A. tamarense species
complex are among the most prominent HAB species (Anderson
et al., 2012b; Murray et al., 2015). These species, following a
trend shown by other harmful algae (Anderson et al., 2012a), have
over recent decades expanded their geographic ranges in both the
northern and southern hemispheres (Penna et al., 2005; Persich
et al., 2006).

Underlying the process of species range expansion are the
colonization-extinction dynamics of the populations, whether
a proportion of the migrating population will survive or not
and successfully reproduce in the new area (e.g., Sexton et al.,
2009). Theoretically, it is expected that the range expansion
process will generate a gradient in genetic diversity and marked
genetic differences between populations, due to a fraction of the
migrants establishing in the new area changing due to the effects
of genetic drift (Excoffier et al., 2009; Sexton et al., 2009). The
genetic characterization of populations using AFLPs (Amplified
fragment length polymorphisms) has permitted the study of
genetic diversity and differentiation in several harmful species,
with an important advantage over microsatellite markers due
to the high amount of genome-wide loci observed (Rengefors
et al., 2017) and its power in identifying weak genetic population
differentiation (Alpermann et al., 2009). Although, AFLPs
disadvantages include variation in the precision of sizing of
fragments, and the assumption that bands of the same size are
homologous, might not always be right, especially at higher
levels of divergence (John et al., 2004; Fry et al., 2009). For
instance, AFLP population characterizations have permitted the
examination of the range expansion process of species such
as Gonyostomum semen and Alexandrium ostenfeldii, which
show no evidence of diversity gradients, but do show levels of
population divergence and isolation by distance (Tahvanainen
et al., 2012; Sassenhagen et al., 2015). However, in A. ostenfeldii,
Brandenburg et al. (2018) recently described a contrasting genetic
and phenotypic variability between a highly diverse population
established in the Baltic Sea approximately at 3000 – 8000
BP and the low variability of the populations that colonized
the Netherlands localities in 2012, that represent examples of
established and founder population respectively. Furthermore,
genetic characterization using AFLPs and microsatellites of
Alexandrium populations have shown the presence of high
levels of genetic diversity, which is related in turn to high
phenotypic variability, factors which are relevant to their adaptive
potential (Alpermann et al., 2010; John et al., 2015; Kremp et al.,
2016; Brandenburg et al., 2018). In the case of A. tamarense
species complex, the population genetics characterization using
microsatellites and AFLPs, have revealed that the population
divergence could have been generated by demographic changes
that have occurred over time, in the populations of cysts in the
sediments, and/or in the population of vegetative cells in the
water column, and as a result of reduced gene flow. For example,

it has been hypothesized that the vegetative cells generated
in a bloom would come from diverse banks of cysts, formed
by different cohorts, that have accumulated in the sediment
over time (Alpermann et al., 2009). In addition, during the
bloom the environmental conditions could favor changes in allele
frequency, due to selective pressures on certain genotypes, which
could then be amplified by asexual reproduction (Alpermann
et al., 2009; Dia et al., 2014). Finally, the potential migration
of vegetative cells could be limited by oceanographic barriers
(Casabianca et al., 2012) or restricted by geographic distance
(Nagai et al., 2007), generating high levels of differentiation
between populations.

The taxonomic identification of species comprising the
A. tamarense species complex is fundamental not just for
monitoring programs and implementing management strategies
(John et al., 2014), but also, in order to verify that the
genetic analyses of populations are made with conspecific
individuals. Over time various authors have discussed the
taxonomic classification of the species of the A. tamarense species
complex which occurs in southern Chile, proposing a range of
nomenclatural alternatives, such as A. tamarense (Jedlicki et al.,
2012), A. fundyense (John et al., 2014; Mcneill et al., 2014; Wang
et al., 2014) or A. catenella (Cordova and Müller, 2002). However,
this discussion was recently concluded with priority being given
to the name A. catenella (Willem, 2017). This classification
was based in large part on the homology of ribosomal genetic
characters (rDNA) rather than morphology, as morphology can
be highly plastic and variable within the species (John et al., 2014).
For example, historically the capacity to form chains has been
used as a character for distinguishing between the species of the
A. tamarense species complex. However, evidence indicates that
the formation of chains is influenced by environmental variables
such as a high pH and low pCO2 (Mardones et al., 2016b). On
the other hand, the phylogenetic analysis with rDNA molecular
markers consistently produces five clades, where clones are
separated, including those with a sympatric distribution (John
et al., 2014).

In southern Chile Alexandrium catenella is the principal
species causing HABs, resulting in serious ecological, social and
economic impacts throughout the Patagonian fjords, where this
species has expanded its range northward (Varela et al., 2012).
Since 1972, when it was first identified in the Magallanes region
(ca. 56◦S), monitoring programs have registered the northward
expansion of the species range distribution, arriving in the Aysén
region in 1992, and in the waters of the southern end of Chiloé
Island (ca. 43◦S), Los Lagos region, in 2002 (Molinet et al., 2003;
Varela et al., 2012). Until 2015 the blooms of A. catenella were
restricted to the fjords and channels between Magallanes and
southern Chiloé Island (Molinet et al., 2003; Mardones et al.,
2010; Varela et al., 2012). However, a severe bloom of A. catenella
occurred during 2016 that extended from the central-northern
region of Aysén (45◦ 27′S) to the Chiloé inland sea, and for the
first time, the bloom occurred in the open Pacific Ocean along the
west coast of Chiloé Island (Figure 1; Buschmann et al., 2016).

The exceptional bloom of 2016 was surprising due to its
wide geographical distribution, extending into new areas along
the open coast of the Pacific Ocean and Chiloé inland sea
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FIGURE 1 | Localities from where the clones were isolated (black circles): Aysen 1, Aysén 2, and Quellón, the populations from northern limit of the known
distribution of A. catenella up to 2015, where the clones were isolated from cysts beds in 2014. Quemchi, Hueihue, Canal Chacao, Bahía Mansa, the populations
isolated from vegetative cells of the 2016 bloom, isolate from opportunistic sampling. Arrows show a hypothesized route of the spread of the 2016 bloom. Horizontal
dotted lines illustrate both the political boundary of the regions (right) and the horizontal segmented line show distribution limit of the species up to 2015 (left).

(Figure 1). The event chronology indicated that the first evidence
of the bloom was recorded around November–December of
2015 in the central-northern area of the Aysén region (45◦23′S).
Later, during January–February of 2016 the highest abundances
of vegetative cells were observed in the southern area of the
Chiloé inland sea (Buschmann et al., 2016). Until then, the
bloom had followed the same pattern of geographical distribution
observed during the severe blooms that occurred in 2002 and
2009 (Molinet et al., 2003; Mardones et al., 2010). However,
from the first week of March 2016 the bloom extend northward,
through the Chiloé inland sea up to Desertores Island (42◦ 41′
S), from where high levels of paralytic shellfish poison (PSP)
were detected in mollusks (Buschmann et al., 2016). By April,
the bloom declined in the Chiloé inland sea, but surprisingly
the highest concentrations of PSP in mollusks were found along
the exposed Pacific coast of Chiloé Island (42◦37′S). This was
the first evidence of the spread of the bloom into the open
Pacific Ocean. Subsequently, PSP increased rapidly in mollusks
living further north along the exposed coast, vegetative cells
abundance also increased in areas beyond the Patagonian fjords

(up to 39◦42′S). Finally, by mid-May, both the cellular abundance
and PSP concentrations began to decline rapidly in most areas
(Buschmann et al., 2016; Hernández et al., 2016).

Given the exceptional nature of the 2016 bloom, several
hypotheses have been proposed to explain the origin and
dynamics of the range expansion, including doubt as to whether
the species that caused the bloom were the same species
that have historically affected the Patagonian fjords. Thus, the
objective of the current investigation was to verify the taxonomic
classification of the species that generated this exceptional
bloom and evaluate the influence of the range expansion
process on its genetic structure and population diversity. In
order to achieve this, rDNA large subunit (LSU) and AFLPs
molecular markers were used for the genetic characterization
of clones. This was done with two groups of samples; the
first group were vegetative cells isolated from cysts collected
in 2014 from sediments located at the northern limit of its
known distribution; and the second group were vegetative cells
isolated from samples taken from the bloom expansion areas
observed during the 2016 bloom in waters of the open Pacific
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Ocean coast and from the waters of the Chiloé inland sea
(Figure 1).

MATERIALS AND METHODS

Sampling and Cultivation of Clones
The samples used for the genetic characterization of the
exceptional bloom of 2016 were collected in April, during the
peak of the event, from central-northern area of its distribution,
and they were compared with samples collected previously, in
2014, from sites near the origin of the same bloom event.
In 2014 sediment samples containing A. catenella cysts were
collected by SCUBA divers from the Aysén 1, Aysén 2 and
Quellón localities (Populations from the northern limit of the
then known species distribution (Figure 1 and Table 1). The
sediment samples were transported to the laboratory, Centro
i∼mar Universidad de Los Lagos, where the cysts were isolated
using the methodology described by Varela et al. (2012). The
cysts were then placed in multi-welled cultivation plates with L1
medium and exposed to conditions that facilitate germination
(i.e., 12◦C, 30 psu, 35 ± 5 µmol photons m−2 s−1, and
a photoperiod of 16:8 h light/dark). From each well where
cysts germinated, a single cell was selected and transferred to
a new well (48-well plate) with the objective of generating
clonal cultures. The single cell was isolated using an inverted
microscope (Olympus CKX 42) by an extended Pasteur pipette
(Anderson and Kawachi, 2005) and then deposited in a well
with an area of 0.64 cm2 (48-well plate) with 500 µl of L1.
Subsequently, the well was carefully examined using an inverted
microscope to verify the successful transfer. Additionally, in April
of 2016, seawater samples were collected during the A. catenella
bloom at Quemchi, Hueihue, Canal Chacao, and Bahía Mansa
localities (Figure 1 and Table 1). These samples were part of an
opportunistic sampling that attempted to determine the extent
of the 2016 bloom beyond its historic distribution. Seawater
samples were also transported to the laboratory (Centro i∼mar)
where vegetative cells were isolated and maintained following
the same methodology and environmental conditions described
above. Moreover, after 24 days of culturing, cell characteristic
were determined (N = 50 per locality), i.e., viability in culture
(number of well with cells alive), cell density, growth rate and

the number of the cells forming chains (c.f. Paredes et al., 2016).
Finally, cell isolates, both from cysts and vegetative cells, once
they began to multiply, were transferred first to culture tubes,
then to 250 ml conical flasks, from which cells were harvested for
DNA extraction. Thus, all the strains utilized in this study were
established as clonal cultures and maintained under the same
laboratory conditions (i.e., 12◦C, 30 psu, 35 ± 5 µmol photons
m−2 s−1, photoperiod of 16:8 h light/dark, and L1 cultivation
medium).

Taxonomic Identification of the Clones
To verify the taxonomic classification of the clones a total
of 96 clones isolated from the 2016 bloom and the cysts
were characterized using rDNA LSU (D1D2) molecular marker
as described by Scholin et al. (1994). DNA extractions were
performed with the DNeasy plant mini Kit (Qiagen, Hilden,
Germany) using 250 ml of culture harvested in the exponential
phase of growth, and concentrated by centrifugation. The
amplification of the DNA was performed using a thermocycler
(Px2 Thermal Cycler, Thermo Electron Corporation, Waltham,
MA, United States) with the following settings: one cycle of 5 min
at 95◦C; 30 cycles of 45 s at 95◦C, 45 s at 56◦C and 1 min at 72◦C;
and a final elongation for 10 min at 72◦C. The amplifications
were verified using an agarose gel (1.4%), and then, the PCR
products were sent to biotechnological company Macrogen R©for
sequencing. The obtained sequences were evaluated visually and
the homology with the sequences available in GenBank was
explored. Finally, a phylogenetic reconstruction was performed
using the sequences generated by John et al. (2014) which were
obtained from the Supplementary Material (i.e., Supplementary
Figure 1). Alignments of the SSU, ITS and LSU sequences
for the phylogenetic analyses presented in this study. 1-
s2.0-S1434461014001011-mmc1.doc). The reconstruction was
performed with the maximum likelihood (ML) method, with
a bootstrap analysis (1000 replicates) which evaluated the
robustness of the nodes, and using an alignment of 826 base
pair (bp). These analyses were performed with the software
PAUP (Swofford, 2002). To perform the ML reconstruction,
previous DNA sequences were analyzed with the MODELTEST
3.7 software which determined the most appropriate model of
nucleotide substitution for the data (Possada and Crandall, 1998).
Thus, the GTR + G + I model was selected with the following

TABLE 1 | Alexandrium catenella samples information.

Populations Coordinates Isolation date Isolated from rDNA AFLP

S W

Aysén 1 45◦29′13.29′ ′ 74◦10′55.87′ ′ 2014 Cyst 7 10

Aysén 2 44◦52′01.09′ ′ 73◦35′42.70′ ′ 2014 Cyst 17 20

Quellón 43◦06′04.86′ ′ 73◦35′42.70′ ′ 2014 Cyst 7 18

Quemchi 42◦07′56.56′ ′ 73◦26′59.74′ ′ 2016 V. cell 12 24

Hueihue 41◦55′47.06′ ′ 73◦29′06.82′ ′ 2016 V. cell 10 16

Canal Chacao 41◦46′57.85′ ′ 73◦36′26.91′ ′; 2016 V. cell 7 12

Bahia Mansa 40◦36′27.05′ ′ 73◦46′02.18′ ′ 2016 V. cell 8 8

rDNA, number of clones sequenced. AFPL, number de clones characterized.
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corrections: a base frequency of A = 0.26130, C = 0.16530,
G = 0.24910, T = 0.32430; and a substitution rate matrix of [A _
G] = 2.2885, [A _ T] = 0.7838, [C _ G] = 0.7838, [C _ T] = 3.3797,
[A _ C] = 1, and [G _ T] = 1; with no proportion of invariable
sites and an unequal distribution of rates at variable sites (gamma
shape parameter of alpha = 1.2519).

Genotyping Using AFLP Analyses
The genetic characterization was performed with 150 clonal
strains, using the AFLPs technique and 100 ng of DNA, as
suggested by Vos et al. (1995) and Mardones et al. (2016a). DNA
extractions were performed with the DNeasy Plant Mini Kit
(Qiagen), using 250 ml of culture harvested in the exponential
phase of growth and concentrated by centrifugation. The
concentration and quality of the DNA (proportion 280/260 nm)
were estimated using a NanoQuant Plate (Infinite M200
PRO). The primers EcoRI- 5′ GACTGCGTACCAATTCXXX 3′
and MseI-5′ GATGAGTCCTGAGTAAXXX 3′ were used for
the selective amplifications with the following combinations
of primers marked with Fam dyes: EcoRIAAG x MseICTA,
EcoRIAAG x MseICTT, EcoRIACC x MseICTA and, EcoRIACC
x MseICTT. Selective amplifications were performed with the
settings “touchdown” which included: 13 initial cycles with 30 s
at 95◦C, 45 s at 56◦C (gradually reduced by 0.7◦C per cycle),
and 30 s at 72◦C. This was followed by 25 cycles of 1 min at
95◦C; 1 min at 56◦C; 1 min at 72◦C, and finally an elongation
of 10 min at 72◦C. The amplifications were verified in an
agarose gel (1.4%) and then these were analyzed using an ABI
PRISM 3500 sequencer (Applied Biosystems). Consequently, the
AFLP fragments were visualized and edited with the software
GeneMarker. In order to create a presence/absence matrix of co-
migrating AFLPs fragment, the sequence profiles were examined
visually considering a fragment detection range between 100 and
15000 relative fluorescence units (RFUs) and between 50 and
400 bp. In addition, the reproducibility of the amplifications was
determined visually by repeating 20% of the samples selected at
random.

Intraspecific Distance, Genetic Diversity,
and Population Structure
The intraspecific distance was determined using Nei’s genetic
distance (Saitou and Nei, 1987) while the genetic diversity of
the populations (H) was calculated according to Nei (1973).
The genetic diversity differentiation between populations was
evaluated by an ANOVA, performed in a generalized linear mixed
model (GLMM) framework. The genetic diversity for each locus
was estimated, and the populations were considered to be a
random effect to account for the lack of independence between
the samples. In addition, a negative binomial residuals model
distribution was used, and the null hypothesis (H0) was evaluated
using a likelihood ratio test with a significance level (α) of 0.05
(Venables and Ripley, 2002). The estimation of genetic diversity
per locus and population was performed with the ARLEQUIN
3.5.1.2 software (Excoffier et al., 2005) while the GLMM was
performed using R software (R Core Team, 2017) and the package
“lme4” (Bates et al., 2015).

The genetic structure was estimated using different analyses.
Firstly, analysis of molecular variance (AMOVA) and the
significance of the FST, FSC, and FCT were tested using a non-
parametric analysis with 10,000 permutations. For this analysis
the following sources of variation were considered: (1) between
groups, composed of isolated populations in the northern limit
of distribution (derived from cysts) and the populations isolated
from the bloom; (2) variation between populations within
groups, and (3) variation within the population. Furthermore,
the level of differentiation between populations was estimated
using the fixation index FST . Both analyses were performed
using the software ARLEQUIN 3.5.1.2 (Excoffier et al., 2005).
Subsequently, in order to visualize the similarities/dissimilarities
between populations, a Principal Component Analysis (PCA)
was performed using a matrix of genetic distances between
populations which was estimated using Nei (1978) method.
This was done using the software GENALEX 6.5 with a binary
model for haploid organisms (Peakall and Smouse, 2012).
The identification of genetic populations and the level of
admixture of each genotype, or proportion of genotype assigned
to each population, were estimated using a Bayesian cluster
analysis implemented in the software STRUCTURE 2.3.4. The
simulation was performed using a correlated allele frequency
model and an ancestry mixed model without using location as
prior information (Falush et al., 2003). The simulations were
conducted using values of K populations from 1 to 10; a burning
length of 100,000 and 100,000 repetitions of Monte Carlo Markov
Chains (MCMC), and the results were evaluated using likelihood
of K populations [L(K)]. The evaluation of K populations and the
visualization of the genotype assignments were made using the
web application www.pophelper.com (Francis, 2016). Finally, the
software ARLEQUIN was used to conduct a Mantel analysis to
evaluate isolation by distance, which included the paired values
of FST (Y matrix) and the geographic distance in Km (X matrix).

Disequilibrium of the Multilocus Linkage
The index of multilocus disequilibrium

−
rd (Agapow and Burt,

2001) was calculated for each population and significance was
determined using 10,000 permutations. The values of the index
vary between 0 and 1 indicating equilibrium and disequilibrium
respectively. The analyses were performed with R software (R
Core Team, 2017) and the package “Poppr” (Kamvar et al., 2014).

RESULTS

Taxonomic Identification
Only 68 sequences of molecular marker rDNA LSU (D1D2)
were used (Table 1). The remaining sequences were eliminated
after visual evaluations of the chromatograms which suggested
ambiguity in the assignment of some nucleotides i.e., no clear
nucleotide peak or nucleotide peak overlaying. The phylogenetic
analysis indicated that sequences of the clones isolated from
both the 2016 bloom and the northern limit formed part
of the same clade, corresponding to the Group I of the
A. tamarense species complex (Lilly et al., 2007; John et al.,
2014) (Figure 2). Moreover, Chi-square test did not show
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FIGURE 2 | Maximum likelihood phylogenetic reconstruction and bootstrap values using sequences generated by John et al. (2014) and sequences of the clones
isolated from the northern limit of species distribution and from the 2016 bloom. Collapsed black triangle indicates the A. catenella clade (Group 1) and aggregation
of all the clone sequences in this study. ∗Sequences of the morphotype A. fundyense are also included in this clade.
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FIGURE 3 | Genetic diversity boxplot of A. catenella populations (GLMM, p > 0.05).

differences in the base frequencies among sequences used for
the phylogenetic reconstruction (χ2 = 62.243, p > 0.05). The
maximum genetic distance, according to maximum-likelihood
distance, was observed between A._pacificum_ver v/s A._leei_ver
strains (0.924). Meanwhile, among clones isolated from southern
Chile the distance ranged between zero, for several pairwise
clones isolated from closer and separate populations, and 0.069
between clones isolated from Bahía Mansa v/s Canal Chacao.
Furthermore, in the clones isolated from the 2016 bloom, the
number of cells in chains ranged from 2 to 8, cell viability
from 0.396 to 0.875 probability, and growth rate from 0.140
to 0.331 div/day (c.f. Paredes et al., 2016). These responses
were concordant with the characteristics of A. catenella strains
previously isolated from southern Chile.

Intraspecific Genetic Distance and
Population Diversity
Based on the evaluation of the banding patterns, following the
RFU criteria and amplification reproducibility, 264 loci were
used for the genetic evaluation, from a total of 108 clones
distributed across seven populations (Table 1). Similar genotypes
were not observed between clones. The genetic distance between
clones varied between 0.100 and 0.708, with smallest distances
between Hueihue and Canal Chacao; and the greatest distances
observed between the clones sampled in Quemchi and Hueihue.
On the other hand, the mean genetic diversity (H) had values
that varied between 0.289 and 0.415, for Aysén 2 and Bahía
Mansa populations respectively (Figure 3). Although, significant
differences in the genetic diversity (p > 0.05, GLMM) were not
observed among populations.

Genetic Structure
The genetic variability of A. catenella was significantly structured
(AMOVA, p < 0.05, for each of the fixation indices; Table 2).
Although most of the genetic variability was explained by
variation within populations (90.450%), the genetic differences
were significant between groups, explaining 6.730% of the

genetic variation, and between populations within groups, which
explained 2.820% of the variation (Table 2). The paired index
of fixation FST was significant for the majority of comparisons
between populations, with the highest values being observed for
the comparisons made between the populations derived from
cysts and those derived from vegetative cells collected in the
2016 bloom (Table 3). Of the comparisons, the population in
Quemchi had the greatest differences compared with each of the
three populations derived from cysts (FST = 0.120 – 0.122), these
were followed by Bahía Mansa (FST = 0.104 – 0.109), Hueihue
(FST = 0.101 – 0.103) and the population in the Canal Chacao
(FST = 0.076 – 0.093). Among the populations derived from cysts
the genetic differences were relatively similar, with the largest
value observed between populations of Quellón and Aysén 2
(FST = 0.032). The paired values of FST between populations
derived from the bloom were more heterogeneous. There were
no significant differences in the values of FST between Bahía
Mansa and the populations of the Canal Chacao and Hueihue,
the same was true for the comparison between the Canal Chacao
and Quemchi. However, there were significant differences in
the values of FST for the comparisons between Quemchi and
Hueihue (FST = 0.048), Quemchi and Bahía Mansa (FST = 0.054),
and between Hueihue and Canal Chacao (FST = 0.031). These
differences were relatively higher than those found for the
comparisons between populations derived from cysts. PCA
indicated segregation of the populations in at least three groups.
Thus, the first coordinate explained 65.76% of the variation
and showed evident genetic similarities between the populations
isolated from cysts beds in 2014 (Aysén 1, Aysén 2 and Quellon)
and populations isolated from 2016 bloom. Moreover, among
these last populations the second coordinates, which explained
18.35% of the variation, showed genetic similarities between
Bahía Mansa and Hueihue; and between Canal Chacao and
Quemchi (Figure 4).

A similar pattern described with PCA was observed when
K = 3 (Supplementary Figure 1) or K = 5 Bayesian cluster
analysis was plotted, distinguishing clearly between the strains
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TABLE 2 | Analysis of molecular variance (AMOVA).

Source of variation Degree freedom Sum of squares Variance components Percentage variation

Between populations 1 206 3 6.730

Between populations within groups 5 273 1 2.820

Within populations 101 3782 37 90.450

Total 4261 41

Fixation indexs FSC: 0.030 p < 0.05

FST : 0.096 p < 0.05

FCT : 0.067 p < 0.05

TABLE 3 | Pair-wise FST parameters between populations (bold numbers = p < 0.05).

Populations Aysén 1 Aysén 2 Quellón Quemchi Hueihue Canal Chacao Bahía Mansa

Aysén 1 0.000

Aysén 2 0.020 0.000

Quellón 0.025 0.032 0.000

Quemchi 0.122 0.120 0.121 0.000

Hueihue 0.102 0.101 0.103 0.048 0.000

Canal Chacao 0.076 0.093 0.081 0.012 0.031 0.000

Bahía Mansa 0.104 0.108 0.109 0.054 0.012 0.028 0.000

from cysts and those from the bloom population, and recognizing
higher variability within the group of isolated from the bloom.
However, the Bayesian cluster analyses suggested a K = 5
as the more probable number of clusters [L(K) = −13490,
Supplementary Figure 2]. The strains derived from cysts, in the
main, were assigned more or less in the same proportions in
two subgroups (pink and light blue, Figure 5). In the case of
the strains derived from the bloom, despite the higher degree
of mixing in their assignment, it was also possible to distinguish
between geographic populations. Thus, the majority of the strains
from Quemchi and Canal Chacao presented a high proportion of
assignment to a third subgroup (yellow, Figure 5). Meanwhile,
the strains from Hueihue and Bahía Mansa presented a higher
degree of heterogeneity, with individuals assigned to different
subgroups (blue, red or pink, Figure 5) and others assigned more
or less equally to the same subpopulations.

Isolation by Distance
There was a significant positive relationship between the genetic
and geographic distances based on the results of the Mantel

FIGURE 4 | Principal components analysis of A. catenella populations.

test (p < 0.01), with a correlation coefficient of 0.612 and
determination of y by x of 0.375.

Disequilibrium of the Multilocus Linkage
The index of multilocus disequilibrium

−
rd gave significant values

(p < 0.05) for all the populations (Table 4). The highest and
lowest values were observed in the populations derived from the
2016 bloom, and ranged between 0.021 and 0.007 for Hueihue
and Quemchi respectively. Between the populations derived from
cysts intermediate values were observed, ranged between 0.010
and 0.015.

DISCUSSION

Phylogeny and Genetic Diversity
The phylogenetic reconstruction based on rDNA LSU sequences
indicated that all the clones analyzed from the populations
associated with the 2016 bloom, as well as those isolated from
the northern limit of distribution, were aggregated in the Group
I of the A. tamarense species complex, verifying that the species
being studied was A. catenella (Lilly et al., 2007; John et al., 2014;
Willem, 2017). The current taxonomic revision of A. tamarense
species complex, supported more by ribosomal phylogeny than
morphological characters (John et al., 2014), has merged into
A. catenella species group some toxic strains previously referred
to as A. fundyense or A. tamarense (John et al., 2014; Willem,
2017). As a result, the studies made by John et al. (2004), Nagai
et al. (2007), Alpermann et al. (2009, 2010), Erdner et al. (2011),
and Richlen et al. (2012) with the toxic strains of A. tamarense and
A. fundyense now correspond to A. catenella, with A. tamarense
and A. fundyense considered as morphotypes (c.f. John et al.,
2014). In turn, the A. tamarense species is the only known non-
toxic species among the species comprising the A. tamarense
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TABLE 4 | Multilocus linkage disequilibrium index
−

rd per population and significance value (p).

Populations Aysén 1 Aysén 2 Quellón Quemchi Hueihue Canal Chacao Bahía Mansa

−

rd 0.013 0.010 0.015 0.007 0.021 0.019 0.013

p p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01

FIGURE 5 | Bayesian cluster analysis. The proportion of genotype membership to K population is illustrated by a bar plot with different colors. Below the graph are
the names of the populations from which the clones were isolated.

species complex, which segregate in Group 3 (John et al., 2014).
Similar to our results, clones isolated from the Patagonian
fjords between 1994 and 2016 have been placed in the same
Group I (Cordova and Müller, 2002; Aguilera-Belmonte et al.,
2011; Varela et al., 2012; Mardones et al., 2016a). Moreover,
several studies have consistently found PSP toxins in the clones
characterized and in the shellfish after blooms where A. catenella
was the trigger (Krock et al., 2007; Molinet et al., 2010; Aguilera-
Belmonte et al., 2011; Varela et al., 2012; Buschmann et al., 2016).
These facts reduce the possibility that other relevant species
comprising the A. tamarense species complex are present in the
Patagonian fjords, as has been suggested by other authors (e.g.,
Jedlicki et al., 2012), and they confirm that the diversity and
variation in genetic populations observed in the present study
are intraspecific. However, taking account the huge geographical
extent of the 2016 bloom and the impossibility of sampling many
localities in different times, we cannot discount the presence
of the A. ostenfeldii. This species has been identified before in
the Patagonian fjords in low densities in the same zones where
the 2016 bloom initiated, and on some localities within the
northward expansion of the bloom (e.g., Salgado et al., 2015;
Pizarro et al., 2018).

In this study, the high genetic diversity observed among
A. catenella populations, isolated from both cysts and vegetative
cells, are consistent with the high genetic diversity reported in
A. catenella populations in the northern hemisphere (Alpermann
et al., 2010; Erdner et al., 2011). Mutation is the fundamental
mechanism generating genetic variation in both the asexual
and sexual phase of all organisms (Rengefors et al., 2017).

In Alexandrium species the mutation can be produced during
asexual division of vegetative cells in the water column, and also
during genetic recombination of distinct cells (i.e., heterothallic
mating; Mardones et al., 2016a) that generate cysts that sink to the
seafloor (Brandenburg et al., 2018). In the growth season, these
cysts hatch continuously and thereby supply new genotypes to
the water column, a mechanism by which they contribute to the
genetic diversity (Brandenburg et al., 2018). Possibly, the high
genetic diversity observed within the A. catenella populations is
an attribute that confers to the species the capacity to adapt to the
variable and heterogeneous environmental conditions observed
across the Patagonian fjords. There, latitudinal gradients in the
physical-chemical variables explain the presence of ecoregion,
bioclimatic region, and biogeographic patterns (Camus, 2001;
Spalding et al., 2007). However, further studies are needed to
understand if the genetic diversity of A. catenella is coupled with
phenotypic variability, as some authors have observed in the
northern hemisphere (e.g., Alpermann et al., 2010; Brandenburg
et al., 2018).

The genetic diversity observed between the populations did
not indicate a process of recent colonization. Even though
the reduction in diversity and segregation are expected results
for a species during range expansion (Excoffier et al., 2009;
Sexton et al., 2009), in this study the high diversity detected
using AFLP does not differ significantly among populations
(p < 0.05, GLMM) and it was distributed mainly within
them (90.450%, AMOVA). Similarly, in some HAB species that
have expanded their distribution, gradients of genetic diversity
between established and founder populations have not been

Frontiers in Marine Science | www.frontiersin.org 9 January 2019 | Volume 5 | Article 532161

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-05-00532 January 16, 2019 Time: 16:35 # 10

Paredes et al. Genetic Population in Alexandrium catenella

found (Tahvanainen et al., 2012; Lebret et al., 2013). Indeed, the
genetic diversity of the A. catenella populations off the coasts of
Japan, Korea, and the United States of America, estimated from
samples taken in different months, years, localities, and life cycle
phases, consistently show high values, even when population
genetic divergence was found (Nagai et al., 2007; Erdner et al.,
2011; Richlen et al., 2012). Although, when genetic differences
in diversity and/or variability levels have been observed, they
have occurred among populations separated by large geographic
distances (Masseret et al., 2009) and when the colonization
events have been separated by considerable periods of time
(Brandenburg et al., 2018). In these latter cases, the gene flow
limitation (Masseret et al., 2009) and the extended time to
population diversification (Brandenburg et al., 2018) may have
favored the maintenance of the diversity/variability gradient
among populations. In a rapidly growing organism with a short
generation time, it has been suggested that the huge population
sizes could be considered as virtually infinite and genotypic
diversity could thus be maintained during the bloom events, even
if the organism primarily reproduces clonally (Dia et al., 2014).
Thus, the lack of a genetic diversity gradient among A. catenella
populations may be related to the potential observed in the genus
Alexandrium for maintaining high genetic diversity even in a
bloom, and the considerable gene flow among the populations,
as is suggesting by the low and moderate pairwise FST values.

Population Structure
The observations that described the progressive expansion of
A catenella indicate that the presence of this species in the Aysén
region dates from 1992, but it was only in 2002 when an intense
bloom that started in this region, reached further north up to
Quellon on the south coast of Chiloé Island (Molinet et al.,
2003). Considering the local oceanographic currents between the
populations of Aysén and those around Quellón the dispersion
among populations should be restricted (e.g., Sievers and Silva,
2003). Two strong surface (0–30 m) counter currents meet in
the Golfo Corvocado and from here flow out through the Boca
Guafo toward the Pacific Ocean (Sievers and Silva, 2003): one
current flows south from Chiloé inland sea and, the other,
flows north from the Canal Moraleda (Figure 1). Taking into
account these currents and that the abundances of vegetative cells
are mainly found in the surface waters, down to about 15 m
(Molinet et al., 2003), it is thought that the gene flow between
populations from both sides of the Boca Guafo should be limited,
generating high levels of genetic differentiation. However, the
lowest levels of differentiation (FST = 0.020–0.032) and similar
patterns of genotype assignment to genetic population (Bayesian
aggregation analysis) were observed between these populations,
indicating that the current systems are not a barrier to gene flow.
Indeed, the meteorological conditions that prevail during spring
and summer, with the predominance of southerly winds, could
be enough to push the vegetative cells northward, particularly
during intense bloom events, such as those that occurred in 1998,
2002, and 2009 (Molinet et al., 2003; Mardones et al., 2010). The
descriptions of these events indicated that they started in the
central-northern areas of the Aysén region and then expanded
to the north (Molinet et al., 2003; Mardones et al., 2010). Thus,

successive bloom events could have favored the dispersal of the
vegetative cells from Aysén toward the north, increasing gene
flow and obscuring the evidence of an initial founder effect
between the populations.

AMOVA, PCA, and Bayesian cluster analysis (K3 genetic
population) indicated that the segregation of the genetic
variance was important at least in two levels: between the
populations coming from both the previous northern limit
of the distribution and from the bloom of 2016, and also
between the populations inside of each of these two groups.
The differences between the former two groups of populations
explained 6.730% of the variance in the AMOVA or 65.76%
of the variance explained by the first axes (PCA), it also
accounted for the greatest genetic differences (FST = 0.076–
0.122). Within each of the two groups, smaller differences were
observed between populations collected during the 2016 bloom
(FST = 0.031–0.054) and the smallest differences were observed
between the populations derived from cysts (FST = 0.020–
0.032). In A. catenella populations significant values of FST have
been observed in different geographical contexts: higher values
comparing different geographical regions (FST: 0.281–0.308;
John et al., 2004); or from moderate to high when comparing
isolated subpopulations within the same region (FST: 0.07–0.36;
Alpermann et al., 2009). Thus, the differentiation observed both
between populations in the north of the distribution and those
from the 2016 bloom, and within each of these groups, could
be considered as subpopulations rather than clearly divergent
populations.

The significant correlation between genetic and geographic
distances of the populations (p < 0.05, Mantel Test) seems
to support the assertion that differences observed between the
populations from the northern limit of the distribution and
those from the bloom of 2016 can be attributed, in part, to
restrictions of the gene flow due to the limited dispersion of
vegetative cells through the marine currents. Similar observations
have been made for A. catenella in Japan, where the genetic
structuring was correlated with geographic distance (Nagai
et al., 2007), and also for A. minutum, where differentiation
among samples from different locations in the Mediterranean
Sea were attributed to the complex regional geography and
hydrodynamics (Casabianca et al., 2012). Along over 300 km
of exposed coast over which the great bloom of 2016 occurred
(Buschmann et al., 2016), only some of the vegetative cells
could have been advected by the unusual southern winds that
were recorded throughout the month of March (Buschmann
et al., 2016), limiting the dispersion to the other fraction of
the population, and as a consequence, generating the observed
differentiation.

Additionally, the differentiation and the changes in the
genotype proportions assigned to ancestral populations, observed
in the Bayesian aggregation analysis (K5 genetic population),
between populations derived from cysts and those isolated
from the bloom, could be the result of distinct population
dynamics at each stage in the life cycle from which the
samples came. The life cycle of A. catenella is characterized by
alternating between a planktonic population of haploid cells that
reproduce asexually and a benthic population of resting cysts
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that results from the occasional sexual reproduction of planktonic
populations (Anderson et al., 2012b). The heterothallic behavior
of the gametes (Mardones et al., 2016a), and the implicit
recombination during sexual reproduction (Anderson et al.,
2012b), along with the capacity of cysts to remain viable in
the sediments over long periods of time (years in some cases),
means that banks of cysts in the sediments act as reservoirs
of genetic diversity (Alpermann et al., 2009; Anderson et al.,
2012b). This could explain, in part, the relatively homogeneous
assignment of the genotypes within the subpopulations derived
from cysts, containing individuals with allelic proportions
of the five clusters from detected ancestral subpopulations.
This level of genotypic admixture and the dominance of two
clusters could be the result of the allelic recombination of
ancestral populations, probably of different geographic origins.
However, in these subpopulations there is no genetic evidence
of successive cohorts of temporally differentiated cysts, as
has been observed by Alpermann et al. (2009). Despite the
few studies undertaken in this area, low concentrations of
cysts are observed in the Patagonian fjords (Mardones et al.,
2016a). Furthermore, rapid reductions in cysts density have
been observed (Diaz et al., 2014), probably due to the relatively
short period of mandatory dominance (Mardones et al., 2016a)
and the germination potential over the year (Varela, personal
observation). This all indicates that the banks of cysts are a
dynamic reservoir, without the accumulation of many cohorts
over time.

Within the populations from the 2016 bloom, the
heterogeneity of assignment proportions of the genotypes
in genetic subpopulations (Bayesian aggregation analysis) and
the high levels of the linkage disequilibrium index provided
evidence of the incidence of demographic factors on the
population genetic divergence. The Bayesian aggregation
analysis revealed a relative dominance of individuals with
a greater proportion of alleles from one of the ancestral
subpopulations, with the insertion of some individuals that
could be considered migrants between populations. At one
extreme of the differentiation was the population from Quemchi,
with a greater number of individuals with a dominant allelic
proportion (yellow cluster), than the other populations which
appear to be in a state of transition. This apparent process of
rapid genetic spatial differentiation over the development of
the bloom has also been observed in A. minutum (Dia et al.,
2014) and in A. catenella (Erdner et al., 2011); differentiation
which could also be temporal (Richlen et al., 2012; Dia et al.,
2014). In these cases, it has been argued that these rapid
genetic changes may reflect selective effects that are nevertheless
not strong enough to reduce the genetic diversity (Dia et al.,
2014). On the other hand, if encystment occurs during the
bloom process (Brosnahan et al., 2016), and it is induced by
adverse environmental conditions, this could magnify the
selective effects on the proportions of different genotypes,
reducing or eliminating lineages which are less successful
under the prevailing conditions (Erdner et al., 2011). Both
combined effects, the rate of reproduction and the differential
encystment, could potentially reduce gene flow between
subpopulations, generating differentiation between populations

whilst maintaining the diversity of the regional population
(Erdner et al., 2011).

CONCLUSION

In this study we did not observe the patterns generated
by a range expansion process i.e., diversity gradients and/or
high inter-population divergence. However, the genetic diversity
and structure indicated that these were influenced by the
geographic distance effects and the physical restrictions to gene
flow, along with the demographic processes that occur during
the distinct phases of the life cycle. Thus, the characteristics
of asexual and sexual reproduction (e.g., heterothallism), the
participation of ancestral populations in the allele proportions
of individuals, as well as the selective value of some clonal
lines amplified by asexual reproduction or by differential
encystment, could be account of the genetic diversity and
genetic structure observed in A. catenella populations in southern
Chile.
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Pyrodinium bahamense produces saxitoxins and can cause paralytic shellfish poisoning
(PSP). This species has caused more human illnesses and fatalities than any other
toxic dinoflagellate in Mexico. The distribution of dinoflagellate cysts with their vegetative
stage is broad, mainly along Mexican Pacific coasts from the central Gulf of California to
Chiapas, as well as in the southern Gulf of Mexico and the Mexican Caribbean Sea
on the Atlantic coast. In vitro germination of living cysts from the southern Gulf of
California occurs under thermophilic (20–35◦C) and euryhaline (20–35 ups) conditions.
Blooms occurred typically during summer rainy season (June through September),
inside of restricted shallow lagoons surrounded by mangrove forests. The data obtained
so far on P. bahamense spatial and population variability in Mexican Pacific and the
Gulf of Mexico, suggest a seasonal and latitudinal pattern. Also, in these regions,
the abundance, seasonality, and species distribution tend to decrease from tropical to
subtropical areas. The local strain toxicity has only been corroborated in one isolate from
the southern Gulf of California, which exhibited a high saxitoxin concentration of 95 pg
STX eq cell−1. PSP outbreaks linked with P. bahamense in the Gulf of Tehuantepec from
1989 to 2007, caused at least ∼200 human cases, with 15 fatalities. This mini-review
ends with a viewpoint of management and research strategies to better understand the
factors that play essential roles in the bloom dynamics and toxicity of this species.

Keywords: Pyrodinium bahamense, Mexico, harmful blooms, saxitoxins, PSP

INTRODUCTION

Pyrodinium bahamense Plate is a tropical/subtropical euryhaline dinoflagellate that produces
saxitoxins and can cause paralytic shellfish poisoning (PSP). This species has caused more human
illnesses and fatalities than any other paralytic shellfish toxin (PST) producing dinoflagellate, with
a spate of toxic blooms in the Indo-Pacific and the Pacific coast of Central America (Usup et al.,
2012). Pyrodinium bahamense, along with toxic Gymnodinium catenatum Graham, have caused
direct adverse consequences for human health, aquaculture industries, tourism, and ecosystem
functions in Mexican coastal waters (Hernández-Becerril et al., 2007; García-Mendoza et al., 2016).
Pyrodinium bahamense has particular importance since it has caused a significant impact on human
health, mainly in southern Mexican Pacific. The effect of harmful algae could be increasing and
expand as a consequence of increasing local marine eutrophication (Heisler et al., 2008) and ocean
climate change (Hallegraeff, 2010).
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Globally P. bahamense is mainly distributed in tropical areas
of both hemispheres. The vegetative stage has been reported
into three regions, the Caribbean Sea and Central America,
Persian Gulf and the Red Sea, and the western Pacific; while cyst
stage distribution is broader, primarily in tropical to subtropical
coastal areas from both the Atlantic and Pacific regions, and the
Caribbean Sea (Usup et al., 2012). Pyrodinium bahamense, is one
of the most critical harmful algal bloom (HABs) organisms in
South Asian coastal waters (Mertens et al., 2015).

Pyrodinium bahamense is characterized by a high
bioluminescence (Seliger et al., 1971), a heterothallic sexual
cycle (Wall and Dale, 1969), and a simple toxins profile (dc-
STX, STX, neoSTX, B1 and B2) (Usup et al., 2012). In 1980,
the species taxonomic status was raised to variety, based on
morphological variations in the motile stage, the capability
of PSP toxin production, and the geographic distribution
(Steidinger et al., 1980). However, based on morphologic and
phylogenetic analysis of specimens (motile and cyst stages)
from 13 coastal areas of various tropical and subtropical waters,
Mertens et al. (2015) demonstrated that there is no consistent
criterion to separate unequivocally both varieties based only in
morphology. Additionally, Mertens et al. (2015) revealed within
the Pyrodinium clade, both Indo-Pacific and Atlantic-Caribbean
ribotypes, suggesting that P. bahamense is a species complex.

According to Balech (1985), P. bahamense cells are polyhedral
and irregularly rounded, with strong crests along the sutures and
tend to be compressed when they are in chains. Most cells have
a well-developed left antapical spine and a smaller right spine
that is an extension of the sulcal list (Figure 1A). The theca has
a granular surface and numerous trichocyst pores, there is a pore
in the 4′ apical plate, and the apical pore complex consists of a
comma-shaped granular closing plate and 9–14 pores. Cysts are
spherical, of chorate type, with ∼152 oblate tubular processes
of variable length and randomly arranged (Figures 1D,E). The
colorless wall is bi-layered, with a scabrate outer surface and a
smooth inner surface. In living cysts, the yellow-green cytoplasm
encloses a red accumulation body (Figure 1D) and numerous
starch grains (Morquecho et al., 2014). Vegetative stage is easy
to identify with basic microscopy equipment, and it could hardly
be confused with other species. By contrast, due to its similarity
with the cysts of other dinoflagellates, the resting stage may be
confused with other species.

Blooms of P. bahamense are generally aperiodic and
unpredictable (Usup et al., 2012); nevertheless, on a large
temporal scale, there is some evidence that significant blooms
overlap with peaks of El Niño and La Niña cycles (Maclean,
1989; Usup and Azanza, 1998; Phlips et al., 2006). Even though,
no relationship has been established between blooms and these
cycles, the enhanced delivery of nutrients into the coastal waters
could be a factor (Usup et al., 2012). Despite species seasonality
that vary with local physiography, hydrography, and climate
(Usup et al., 2012), blooms are more predictable at a smaller
and local scale (Azanza and Taylor, 2001). Critical elements
such as environmental factors, specifically removal of top-
down predators and a change from eutrophic to oligotrophic
conditions, likely promote the dominance and toxicity of P.
bahamense in Florida (Walsh et al., 2011).

In this mini-review, the most significant information about
Pyrodinium bahamense in Mexico since 1942 to date is
summarized and analyzed. Aspects such as vegetative and cyst
stage distribution, Mexican strains physiology and toxicology, as
well as ecology and bloom dynamics, toxicity, human illnesses,
and other significant impacts are discussed. Also, research
priorities will be proposed to support the establishment of the
guidelines for a transnational scientific approach, which is needed
to coordinate and advance the understanding and management
of HABs in coastal areas of Latin America.

METHODOLOGY USED IN MEXICO TO
STUDY AND MONITOR TO Pyrodinium
bahamense

In Mexico, P. bahamense studies focus on the vegetative
stage taxonomy, occurrence, and distribution, as well as HABs
recordings. Research on ecology, bloom dynamics, toxicology,
and genetic characterization is minimal. Until now short-term
studies have been undertaken, and there is no permanent
scientific monitoring.

Basic methodologies such as water samplers (quantitative
analysis), plankton nets (20 µm, qualitative analysis), as well as,
segmented tubes are applied to obtain marine phytoplankton
sample collection at the superficial level or along the water
column. For sample preservation, both Lugol and neutralized
formalin are used (Throndsen, 1978), and in few cases, the
combination of these fixatives is considered to preserve samples
for long periods. For quantitative analysis, light microscopy is
used to estimate the cell density by the Utermöhl (Hasle, 1978)
or Sedgewick-Rafter (Guillard, 1978) methods.

Concerning ambient variables, the record of in situ
hydrological variables such as temperature and salinity are
the most common, while nutrients rarely are considered. Basic
water quality sonde or CTD is the regular multiparameter
equipment to record these variables. Nutrients analysis is carried
out with standard chemical analytical methods (Strickland and
Parsons, 1972).

Research on P. bahamense cysts is mainly developed with
palynological procedures (de Vernal et al., 2010). Marine
sediments are collected with gravitational corers or boxes, and
scuba dive is also used to collect surface sediments or corers
by hand. Biological procedures to clean and concentrate cysts
(Matsuoka and Fukuyo, 2000) has been used for identification,
quantification, germination assays, and strains establishment.

The identification of species is carried out by different
techniques such as light and scanning electron microscopy, which
allows the morphological and theca arrangement observations. It
is worth noting that although Mertens et al. (2015) showed that
there was no basis for distinction of two species varieties of P.
bahamense, some researchers still accept this taxonomic status.

For research purposes, shellfish toxicity is determined by
standard mouse bioassay (AOAC, 1995), and high-performance
liquid chromatography (HPLC-FD with pre-column oxidation)
(AOAC, 2005; Lawrence et al., 2005). For food safety,
health authorities use the standard AOAC mouse bioassay
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FIGURE 1 | Pyrodinium bahamense in Mexico: (A) Distribution map based on data documented by: Osorio-Tafall (1942); Martínez-Hernández and
Hernández-Campos (1991); Saldate-Castañeda et al. (1991); Cortés-Altamirano et al. (1993); Gómez-Aguirre (1998a,b); Ronsón-Paulin (1999); Peña-Manjarrez et al.
(2001, 2005); Licea et al. (2004); Terán-Suárez et al. (2006); Martínez-López et al. (2007); Morquecho (2008); Vásquez-Bedoya et al. (2008); Limoges et al. (2010,
2013); Gárate-Lizárraga and González-Armas (2011); Gárate-Lizárraga et al. (2011, 2013); Meave-del Castillo et al. (2012); Morquecho et al. (2012); Merino-Virgilio
et al. (2014); Poot-Delgado et al. (2014); Alonso-Rodríguez et al. (2015); Maciel-Baltazar (2015); Poot-Delgado (2016); Campos-Campos et al. (2017), and
Cuellar-Martínez et al. (2018). (B) Solitary vegetative cell. (C) Paired vegetative cells. (D) Whole living cyst with red accumulation body. (E) Empty cyst showing
chorate processes. Scale bars = 20 µm.

(AOAC, 1995) and fast track probes (Scotia Rapid Tests)
to estimate PSP toxins concentration in shellfish monthly.
Phytoplankton samples are collected weekly and abundances
≥5 × 103 cells L−1 of P. bahamense are considered a potential
indicator of toxins accumulation in shellfish1.

GEOGRAPHIC DISTRIBUTION

The first report of P. bahamense on Chiapas coast, in southern
Mexican Pacific (Figure 1A), came from Osorio-Tafall (1942).
At that time, it was believed that the species had a distribution

1https://www.gob.mx/cofepris/acciones-y-programas/marea-roja-76038

restricted to the Bahamas; however, at present, the vegetative
stage (Figures 1B,C) is distributed in almost all coastal margin
of Gulf of Mexico, Caribbean Sea, Gulf of California, and
Mexican Pacific (Figure 1A). Cysts (Figures 1D,E) have been
reported in limited areas, both Mexican Pacific as in the
Gulf of Mexico (Figure 1A). However, it is highly probable
that its distribution is as broad as that of vegetative cells,
considering that P. bahamense cysts have been found in the
central Gulf of California (Martínez-Hernández and Hernández-
Campos, 1991), and in Baja California northern limit (Peña-
Manjarrez et al., 2001, 2005) (Figure 1A). Despite these findings,
a limited distribution of P. bahamense cysts has been reported
(Martínez-Hernández and Hernández-Campos, 1991), restricted
only to Guaymas basin phosphorite sediments, where it was
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TABLE 1 | Pyrodinium bahamense blooms associated with human PSP outbreaks and wildlife mortalities in Mexican Pacific.

Localities Month/year In situ maximum
dinoflagellate

abundance (cells L−1)

Shellfish toxicity (µg STX
eq kg−1)

Impacts Reference

Oaxaca and Chiapas 12/1989 1.7 × 106 8,110 (Crassostrea
iridescens)
5,420 (Choromytilus
palliopunctatus)

99 human intoxications
3 fatalities

Saldate-Castañeda
et al., 1991;
Cortés-Altamirano
et al., 1993

Oaxaca (Huatulco) 12/1990 to 01/1991 ND ND 6 human fatalities Cortés-Altamirano
et al., 1995

Oaxaca 11/2001 1.14 × 106 14,560 (Mytella arciformis) 17 human intoxications
3 fatalities

Gárate-Lizárraga et al.,
2008

Oaxaca (La Colorada and
La Ventosa)

06/2010 to 02/2011 ND ND 23 human intoxications COFEPRIS, 2018

Guerrero 07–08/2010 ND ND 16 human intoxications COFEPRIS, 2018

Guerrero (Costa Grande) 12//2010 410 × 103 1,460–5,360 (rock oyster)
25,410 (unidentified clam)

12 human intoxications
by ingesting raw and
cooked clam

Gárate-Lizárraga et al.,
2011

Guerrero (Bahía de
Acapulco)

07/2010 to 01/2011 773.5 × 103 1,000–20,920 Precautionary closure
of fisheries and seafood
consumption

Gárate-Lizárraga et al.,
2012; Meave-del
Castillo et al., 2012

Guerrero (Costa Chica) 06–12/2010 194 × 103 460–7,890 (rock oyster)
520–4,410 (farmed rocky
oysters)

Precautionary closure
of fisheries and seafood
consumption

Gárate-Lizárraga et al.,
2013

Oaxaca (Santiago Astata
and Puerto Escondido)

06/2009 to 06/2010 32 × 103 Toxins concentration
exceeded the permissible
limit (Striostrea prismatica)

Precautionary closure
of fisheries and seafood
consumption

Alonso-Rodríguez
et al., 2015

Guerrero (Bahía de
Acapulco, Costa Chica,
and Costa Grande)

01–02/2016 ND ND Precautionary closure
of fisheries and seafood
consumption Mortality
of turtles

COFEPRIS, 2018

Oaxaca (seven coastal
municipalities)

02–03/2016 ND ND Precautionary closure
of fisheries and seafood
consumption Mortality
of turtles and some
cetaceans

COFEPRIS, 2018

ND, not documented.

the dominant morphotype (34%). This distribution is likely
attributed to the scarcity of the vegetative stage along the Gulf
of California, whereas its presence in the phosphorite, could
indicate the influence of slightly hypersaline and tropical warmer
water masses. To date, it has been demonstrated that cysts have a
broader distribution in southern Gulf of California, primarily in
restricted coastal lagoons, where it is the dominant morphotype
(33–86%) (Morquecho et al., 2012; Cuellar-Martínez, 2018;
Cuellar-Martínez et al., 2018).

In Gulf of Tehuantepec, and Gulf of Mexico P. bahamense
cysts are also one of most dominant morphotype. For the
northern part of the Gulf of Tehuantepec, the dinoflagellate
dominates in the upper productivity zone associated with
seasonal upwelling (Vásquez-Bedoya et al., 2008). This gulf has an
average and a maximum water depth of ∼250 m and ∼1,000 m,
respectively (Vásquez-Bedoya et al., 2008). During boreal winter
(December through April), a strong but intermittent wind
blows across central America from the Gulf of Mexico and
the Caribbean driving upwelling events (Antoine et al., 1996;
Pennington et al., 2006). During these events, the average 0–
100 m NO3 concentration is very high at 18.3 µmol l−1

(Pennington et al., 2006), and surface chlorophyll concentrations

reaching as high as 2 mg Chl m3 (Lluch-Cota et al., 1997; McClain
et al., 2002). For the Gulf of Mexico, the annual temperature
(approximately 25–28◦C) is the most critical factor that controls
nearshore cyst distribution and where P. bahamense achieve very
high abundances, notably on the west Florida shelf and in the
Mexican lagoons (Limoges et al., 2013).

ECOLOGY AND BLOOMS DYNAMICS

Pyrodinium bahamense usually blooms during the rainy summer
(June through September), in restricted shallow lagoons
surrounded by mangrove forests (Licea et al., 2004; Meave-del
Castillo et al., 2012; Morquecho et al., 2012; Merino-Virgilio
et al., 2014), with coastal underground drainage (Gómez-Aguirre,
1998b).

In the southern Gulf of Mexico, P. bahamense appears to
have a continuous distribution and occurrence in a wide salinity
range (3–38 ups) throughout the year, reaching densities of up
to 1.5 × 106 cells L−1 Gómez-Aguirre (1998a). In contrast, in
the southern Gulf of California, moderate (63–151 × 103 cells
L−1), and short-term blooms are influenced by a short summer
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rainy season (August–September), relatively high seawater
temperature (25–32◦C), typical salinity (31–36 ups), intense
sunlight, and relatively high concentrations of ammonium (0.37–
33.04 µM) and phosphates (0.68–2.87 µM); the last one, in turn,
depending on rainfall and runoff and seems stronger on the
eastern side of the gulf (Morquecho et al., 2012).

In southern Mexican Pacific and the Gulf of Tehuantepec,
P. bahamense harmful blooms, with cell densities of up to 3× 106

cells L−1, have occurred from summer to winter (see Table 1) and
have been associated with upwelling events (Cortés-Altamirano
et al., 1993). The local winds “tehuanos”, and currents systems
can move the dinoflagellate towards Mexico along the Central
Pacific Coast through the Costa Rica Current Flow and Mexican
Western Current (Vargas-Montero et al., 2008).

In Mexican coasts, P. bahamense has co-occurred with the
diatom Pseudo-nitzschia spp. (Morquecho, 2008), and other
dinoflagellates such as Ceratium furca, C. dens, Dinophysis
caudata, G. catenatum, Margalefidinium polykrikoides, Polykrikos
sp., Prorocentrum lima, P. gracile, Protoperidinium oceanicum
and P. pellucidum (Terán-Suárez et al., 2006; Gárate-Lizárraga
et al., 2011; Meave-del Castillo et al., 2012). Interactions or
environmental factors that may promote these co-occurrence has
not yet been clarified. However, a similar co-occurrence between
P. bahamense and Pseudo-nitzschia species has also been reported
in the Indian River Lagoon, Florida (Phlips et al., 2004).

MEXICAN STRAINS TOXICITY AND
CYSTS GERMINATION
CHARACTERISTICS

Ecophysiological studies with regional P. bahamense strains are
insufficient in México, and so far, strains from Isla San José, Gulf
of California have only been studied. To elucidate the toxicity
of vegetative cells grown from cyst germination, Morquecho
et al. (2014) analyzed nine strains through fluorescence high-
performance liquid chromatography, and only one exhibited
toxicity with high saxitoxin concentration (95 pg STX eq cell−1).
Additionally, morphological features and size of cysts agreed
with previous descriptions, particularly morphotypes found
in the subtropical North Atlantic. Cysts germination exhibit
thermophilic (20–35◦C with the peak between 25 and 30◦C) and
euryhaline characteristics (salinities from 20 to 35 ups). Also, the
in vitro germination is improved in growth medium enriched
with terrestrial soil extract and selenium.

TOXICITY AND IMPACTS

Pyrodinium bahamense has caused more human illnesses and
fatalities than any other PST producing dinoflagellate in Mexico
(Table 1). Southeast Mexican Pacific has been the most
affected area, particularly the Gulf of Tehuantepec, as well
as Guerrero and Michoacán (Figure 1 and Table 1). From
1989 to 2007 shellfish toxicity reached concentrations above
the permissible limits for human consumption (800 µg STX
eq kg−1), and consequently caused 200 human cases, with

15 fatalities (Hernández-Becerril et al., 2007). By comparison,
Gymnodinium catenatum is another toxic species linked with PSP
deaths in Mexico, from 1989 to 2015 has caused, in some localities
of the Gulf of California, 37 human PSP cases and three fatalities
(Mee et al., 1986; Cortés-Altamirano and Núñez-Pasten, 1992;
Núñez-Vázquez et al., 2016).

According to the registry of Federal Commission for the
Protection against Sanitary Risks (COFEPRIS, by its acronym
in Spanish) of the 118 HABs that have been reported from
2004 to 2014 in Mexico, 12% were linked to P. bahamense.
The entity most affected was Oaxaca, followed by Guerrero
and Chiapas (COFEPRIS, 2018). Pyrodinium bahamense HABs
also have been linked to endangered marine fauna (sea turtles
and cetaceans) with ecologic importance, leading in some
cases to mass mortalities (Table 1), and the establishment of
precautionary closures (COFEPRIS, 2018).

DISCUSSION AND CONCLUSION

The data obtained so far on P. bahamense spatial and population
variability in Mexican Pacific and the Gulf of Mexico, suggest
a seasonal and latitudinal pattern. From tropical to subtropical
regions, the abundance, seasonality, and species distribution,
tends to decrease. For example, the dinoflagellate may develop
persistent moderate and massive toxic blooms in Guerrero,
Oaxaca, and Chiapas coastal margin (Figure 1), which is
characterized by a large-scale hydrological and atmospheric
influence (Table 1); while in the southern Gulf of California,
moderate blooms are restricted to coastal lagoons inhabited by
mangroves, and develop only during the summer and the short-
term rainy period. However, comparative research is needed on
both coasts of Mexico to define precisely the hydrologic and
climatic variables that are triggering P. bahamense blooms.

Epidemiological numbers of outbreaks of food poisoning
related to P. bahamense, reveal that this dinoflagellate is the
major source of PSP in Mexico. Monitoring for food safety on
the coasts of Mexico, with particular emphasis on aquaculture
areas or the exploitation of marine products, requires essential
adjustments to validate and strengthen the management and
decision-making database. Permanent records of hydrological
variables, climate signals, harmful species abundance, seasonal
variation, impacts in human and environmental health, as well
as economic activities are essential to implement early warnings
and minimize impacts.

Frequency and intensity of HABs as well as, the variation in
phytoplankton composition toward toxic species have increased
throughout the world (Fu et al., 2012). Recent studies suggest that
ocean acidification, combined with the limitation of nutrients, or
temperature changes, might dramatically increase the toxicity of
some harmful groups (Fu et al., 2012). Mexico and Latin America
are not immune to this problem as was discussed in this mini-
review. Pyrodinium bahamense and other toxic dinoflagellates are
significantly impacting human and environmental health, as well
as having significant impact on economic activities.

The United States of America, the European Union, and other
countries such as Australia and New Zealand, have managed
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significant advances to counteract the impact of harmful
microalgae. However, the information that we currently have
on blooms dynamics, and toxicological and autecological
characteristics of harmful species inhabiting Mexico and Latin
America is insufficient. This prevents, in the short term, the
establishment of management plans to minimize HABs impacts
as well as the advance of the understanding and prediction of
them.

Short-term perspectives about scientific research and
monitoring activities related with P. bahamense populations in
Mexico and Central America may include:

• Design and implement an interdisciplinary, specific
and permanent monitoring program that consider
meroplanktonic characteristic of the species and
ecosystems comparison.
• Select as target ecosystems the coastal lagoons with

and without mangrove populations. Usup et al. (2012)
have questioned the significance of the presence or
absence of mangrove forests in the distribution pattern of
P. bahamense. Also, they have highlighted the importance
of carrying out comparative studies between the western
Pacific and tropical Atlantic populations, to understand
better the factors that play essential roles in the bloom
dynamics and toxicity of the species.

• Develop morphological, ecotoxicological, and genetic
studies with strains from several geographical regions of
Mexico and Central America, which are needed to accept
or modify the current species taxonomic status, as well as,
corroborate populations autoecology and toxicity.
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The spatial distribution and species identification of Trichodesmium was assessed

during two fall cruises along the Southwest Atlantic Ocean shelf break. Organisms

from the microplankton >50µm were collected using a vertical plankton net for

quantification and identification of the microplanktonic community associated with

the genus. Additional sub-samples were filtered and prepared for quantification and

discrimination of phycotoxins from the particulate matter using High Performance Liquid

Chromatography. Physical parameters such as temperature, salinity, wind speed, and

mixed layer depth were used in order to evaluate the environmental conditions at the

time of sampling and correlate with Trichodesmium occurrence. Overall, Trichodesmium

abundances were higher in the northernmost stations under wind speeds of <8 knots

and shallow mixed layer depths <40m. Besides frequent reports on the occurrence

of T. erythraeum and T. thiebautii for this region, we identified three species as

T. clevei, T. hildebrandtii, and T. radians. In the majority of stations where Trichodesmium

was not the dominant organism, other microplanktonic groups were present such

as centric diatoms and dinoflagellates. The toxin analysis was positive for saxitoxins

predominantly when Trichodesmium was at high numbers of trichomes per liter in the

stations; however, there was an inverse relationship between abundance of trichomes

and toxin concentrations. Using information from the environmental variables and

Trichodesmium abundance, we suggest that the toxin productionmight take place during

the aggregation phase of trichomes at surface, and that saxitoxins could be inhibiting the

growth of other microplanktonic organisms.

Keywords: marine diazotroph, microbial community composition, phycotoxin, saxitoxins, STX

INTRODUCTION

The marine cyanobacteria Trichodesmium (Ehrenberg, 1830) form colonies that aggregate in the
water surface as visible patches in tropical and subtropical oceans. The high abundance of trichomes
in the upper water layer is often associated with environmental factors such as hot and calmweather
and the presence of a shallow mixed layer (Karl et al., 2002; Agawin et al., 2013). The global
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occurrence of Trichodesmium is of undoubted importance to
biogeochemical cycles, especially nitrogen and carbon (Capone
et al., 1997; Westberry and Siegel, 2006); however, the majority
of studies involving Trichodesmium are restricted to the North
Atlantic and North Pacific Subtropical Gyres (Villareal and
Carpenter, 2003; LaRoche and Breithbarth, 2005), and the genus
is often under-studied in other oceans. More recent reports of
Trichodesmium in the Andaman Sea (Arun Kumar et al., 2012),
coast of India (Srinivas and Sarin, 2013) and Southwest Atlantic
Ocean (Silva, 2005; Silva et al., 2008; Detoni et al., 2016a,b; Bif
and Yunes, 2017) suggest they are important members of the
microbial community composition in those regions.

In terms of ecological role, Trichodesmium is often reported
in co-occurrence with other members of phytoplankton and
zooplankton. The symbionts Rhizosolenia hebetata and Richelia
intracellularis, for example, were present with dense aggregations
of Trichodesmium (Madhu et al., 2013). The association between
the harpacticoid Macrosetella gracilis and Trichodesmium
colonies are thought to benefit the zooplankton, since trichomes
were reported containing eggs and larvae attached, and served
as food and substrate (Björnberg, 1965; O’Neil et al., 1996).
Understanding the microbial community structure surrounding
Trichodesmium aggregations is therefore an important key
to understand its ecology and species interactions, especially
in understudied regions such as the South Atlantic Ocean
where the genus is often reported (Gianesella-Galvão, 1995;
Rörig et al., 1998; Carvalho et al., 2008; Monteiro et al., 2010,
2012). Recent works from our group have identified colonies
in the Southwest Atlantic Ocean associated with iron-rich dust
particles (Bif and Yunes, 2017) and producing toxins (Detoni
et al., 2016a); however, the association of these potentially
toxic aggregations with other microbial communities was never
assessed. Previous works associated the occurrence of large
aggregations of Trichodesmium (T. erythraeum and T. thiebautii)
with anoxia-related mortality of fish and crabs in India (D’Silva
et al., 2012 and references therein) and bryozoans in the South
Brazilian coast (Silva, 2005); however, no toxin analysis was
performed at that time (Silva et al., 2008). Given the reports
of Trichodesmium aggregations along the Brazilian coast (Silva
et al., 2008 and references therein), our work aims to investigate
their distribution, morphological taxonomy, association with
microplanktonic groups and the potential toxicity to these
organisms.

MATERIALS AND METHODS

Study Area and Analysis of Physical

Parameters
This study was carried out in the area encompassing the Brazilian
shelf slope on board the R/V Atlântico Sul with TALUDE
project (Table 1). Samples were collected between 24◦ and 35◦S
(Figure 1) during two consecutive fall cruises, the first between
June 4th and 11th of 2013 and the second between May 10th
and 20th of 2014. Vertical profiles of temperature and salinity
were obtained using a CTD sensor (911 SeaBird R©). The surface
water masses were classified based on the thermohaline intervals

described by Möller et al. (2008). The mixed layer depth (MLD)
was determined from vertical density profiles (∂ρ/∂z), excluding
the first 5 meters of depth due to noise data. Wind speed and
direction were obtained from an anemometer mounted on the
ship’s foremast ∼18m above the sea surface. Both sea surface
temperature (SST) and salinity (SSS) were then averaged for
the upper 30m of water depth in order to correlate with other
environmental parameters, especially community composition.

Analysis of Biological Samples
Samples were collected during two different conditions: areas of
high density aggregations of Trichodesmium; and in the absence
of visible surface aggregations. The sampling efforts were carried
out during calm seas and clear skies. During the 2013 cruise
we sampled the northernmost section (stations 1 to 4; Figure 1)
and focused solely in high density of trichomes. The 2014 cruise
was carried out in the southernmost stations and sampling was
performed during both presence and absence of trichomes.

The organisms were collected by vertical hauls using conical
plankton net with 30 cm mouth diameter and 50µm mesh
size, down to 30m depth of the water column. These samples
were preserved in 4% buffered formalin. Trichodesmium species
were identified following Komárek and Anagnostidis (2005) and
quantified as number of trichomes per liter. For the description
of each species of Trichodesmium, it was necessary to distinguish
among cell, trichome (cells filaments) and colony (clusters
of trichomes organized as puffs or tufts) (Anagnostidis and
Komárek, 1988). As far as possible, co-occurring microplankton
(>50µm) were also identified and counted (minimum 100 cells
per group) using an inverted microscope (ZeissAxiovert A1)
coupled with a camera (Axio CamMRc) using the sedimentation
chamber technique (Utermöhl, 1958). Samples were counted
at ×200, ×400, and ×1000 of magnification and the species
were identified according to specific literature for each group
i.e., diatoms (Hasle and Syvertsen, 1996) and dinoflagellates
(Steindinger, 1996).

Since Trichodesmium spp. trichomes were very concentrated
in many samples, it was not possible to estimate their abundance
per species; instead, the total abundance was estimated by the
sum of free trichomes plus number of colonies × 200, as the
average of trichomes on each colony (Carpenter, 1983). Total
abundance of Trichodesmium and other taxa were, then, divided
by the 30-m of water column × 0.03-m of mouth diameter of
the plankton net, so the final abundance is shown as trichomes
(Trichodesmium spp.) or cells (other microplankton, excluding
Trichodesmium spp.) per liter.

Analysis of Toxins
Samples from 6 different stations were collected from visible
aggregations of Trichodesmium during December-2014, at the
same region where biological samples took place. Using a
GF/F glass fiber filter of 0.7µm pore size, the water was
filtered until the filter was clogged (60–470mL of sample),
washed with distilled water and maintained at −80◦C until
chemical analysis. We analyzed two kinds of toxins using
High Performance Liquid Chromatography (HPLC UV-DAD):
Domoic Acid (DA) (Miguez et al., 1996; Costa et al., 2003)
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TABLE 1 | Major parameters of water and weather conditions at the stations.

Stations Lat (S) Long (W) Sampling dates Local depth (m) SST** T (◦C) SSS*** Salinity MLD* (m) Surface

watermass

Wind speed

(knots)

Wind

direction

#1 24◦16.6
′

43◦22.2
′

06/11/13 692 24.0 23.7 36.8 36.9 45 TW 6 SE

#2 25◦07.6
′

44◦51.4
′

06/08/13 190 23.6 24.6 36.2 37.3 17 TW 4.5 NO

#3 25◦48.8
′

45◦04.2
′

06/07/13 1287 23.2 22.9 35.8 35.8 40 TW 8 SE

#4 27◦6.4
′

46◦24.7
′

06/04/13 830 23.2 23.1 36.8 36.8 80 TW 4.6 SE

#5 28◦6.6
′

48◦00.0
′

05/20/14 138 21.8 22.9 36.0 36.7 14 TW 5 NW

#6 29◦22.9
′

47◦08.8
′

05/19/14 1876 22.8 22.8 36.8 36.8 35 TW 11.6 SW

#7 29◦26.0
′

48◦24.8
′

05/18/14 140 22.7 22.8 36.7 36.8 35 TW 10.4 SW

#8 30◦45.6
′

48◦24
′

05/17/14 1505 20.6 20.7 34.3 34.5 80 STSW 12.2 W

#9 31◦39.3
′

49◦29.8
′

05/15/14 1816 21.8 22.9 36.0 36.7 43 TW 15.7 NW

#10 31◦56.5
′

49◦57.2
′

05/14/14 680 20.6 20.7 34.3 34.5 18 STSW 4 SE

#11 32◦12.9
′

49◦41.1
′

05/14/14 1870 21.8 22.9 36.0 36.7 40 TW 5.8 SW

#12 32◦18.2
′

50◦06.6
′

05/14/14 806 21.8 22.9 36.0 36.7 40 TW 11 SW

#13 32◦33.6
′

50◦16.9
′

05/13/14 575 20.6 20.9 31.1 31.4 47 PPW 18 W

#14 32◦55.3
′

50◦17.6
′

05/11/14 676 20.8 22.3 35.0 36.1 15 TW 6 NW

#15 33◦04.0
′

50◦05.0
′

05/12/14 1166 23.5 23.5 36.9 36.9 20 TW 6.7 W

#16 33◦40.4
′

51◦23.5
′

05/10/14 127 20.6 20.8 31.1 31.3 18 PPW 24 SE

Temperature (◦C) and salinity values are averaged for 30m of water column. *Mixed Layer Depth, **Sea Surface Temperature, ***Sea Surface Salinity.

FIGURE 1 | Map of the study area showing the sampling stations along the South Atlantic shelf slope. Colored legend shows the main microplankton species

matching with pie charts sections. Stations shown as black circles denote sites where Trichodesmium spp. contributed >90% to the total microplankton cell

densities, and small red circles represent stations where Trichodesmium spp. contributed <90% to the total density.

and saxitoxins (STX), (Rourke et al., 2008). The collection of
samples and analysis of STX were reported in detail (Detoni
et al., 2016b), and the same samples were used for the
analysis of domoic acid. The abundance of Trichodesmium
was correlated with STX concentrations at the stations. We
then calculated the STX:trichome ratio, and reported STX
as equivalent saxitoxin concentrations (STX-eq) µg L−1 that

is, the sum of all the variants present in the analyzed
sample.

Statistics
A series ofmultivariate analyses were conducted in order to verify
any spatial pattern in the species distribution, and to verify the
relationship between environmental factors (i.e., temperature,
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water masses, MLD) and the presence of the different taxonomic
groups of microphytoplankton.

A non-metric multidimensional scaling (nMDS) was applied
together with a dissimilarity matrix based on the non-metric
Bray-Curtis index (Bray and Curtis, 1957) in order to group
the taxa using an ordination diagram (Wickelmaier, 2003). An
analysis of similarities (ANOSIM) was then applied in order to
verify possible differences among the stations (Clarke, 1993). The
analyses were carried out using the free software Past (v.1.81)
(Hammer et al., 2008).

The Canonical Correspondence Analysis (CCA) was
performed in order to identify patterns and variabilities of
microplankton species with respect to environmental variables
(TerBraak and Prentice, 1988). Biotic variables were represented
by total abundances of Trichodesmium and other microplankton
taxa. Environmental variables included: sea surface temperature;
salinity; MLD; wind speed; latitude; and water mass. That latter
variable was ascribed as follows: Tropical Water (TW) = 1,
Subtropical Shelf Water (STSW) = 2, and Plata Plume Water
(PPW) = 3, using latitude as a covariate. All variables were
log-transformed before analysis in order to normalize the sets of
variables. To test for the CCA significance, we run Monte-Carlo
tests based on 499 permutations under a reduced model (p <

0.05). Three stations (#1, #15, and #16) were excluded from
the final CCA analysis because they represented very extreme
conditions in comparison to others.

RESULTS

Physical Conditions
Considering the physical conditions during the two fall cruises
(Table 1), the Tropical Water (TW, Sal. ≥ 36 and Temp.
>22.3◦C) mainly influenced the region. The Sub-Tropical Shelf
Water (STSW, 33.5 < Sal. <35.5 and Temp. ∼20.7◦C) was the
dominant surface water mass at stations #8 and #10, while the
Plata Plume Water (PPW, Sal < 33.5 and Temp ≤ 20.9◦C) was
noticeable at stations #13 and #16 (Möller et al., 2008). The
wind direction varied among stations, but was dominated by
Southerly or Westerly directions. Stations under the influence
of relatively high wind speed >10 knots were always related
to a non-dominant Trichodesmium spp. in the total abundance
of trichomes (Figure 1; Table 1). MLD was also variable among
stations, from 14m down to 80m of depth, and was not
correlated to the local wind speed (Table 2).

Microplankton Identification and Spatial

Distribution
Figure 1 compiles the map of the study area with the relative
contribution of specific microplanktonic groups to the total
abundance of organisms at each station. The results show that
Trichodesmium spp. were the greatest contributors for both
fall cruises, comprising more than >90% of total abundance
in many stations. In a few southernmost stations, the diatoms
from Coscinodiscineae group and Thalassionema spp., as well
as the dinoflagellates Neoceratium spp. and Protoperidinium
spp. co-occurred with the cyanobacterial trichomes at elevated
cell numbers (Figure 1). Stations #2 and #3 had the most

elevated concentrations of trichomes at surface: 2.1 × 106 and
4.4 × 106 trichomes L−1, respectively. These two stations and
other four (#1, #4, #10, and #11) had trichome abundances
>8 × 103 trichomes L−1. At these stations, the accumulation
of Trichodesmium at surface was visible to the naked eye. In
contrast, aggregations were not visible in the remaining stations,
where abundances ranged from only ∼4 trichomes L−1 to 2.5 ×
103 trichomes L−1 (Table 2).

Our statistical analysis separated the stations where
Trichodesmium was more abundant from those where their
abundance was fairly comparable to the abundance of other
organisms. The ordination diagram derived from the nMDS
analysis defined the group A as composed by stations with >

8,000 trichomes L−1 and a group B with those with densities
<2,500 trichomes L−1 (Figure 2). These two groups were
significantly different (ANOSIM, r2 = 0.89, p < 0.0001) and,
interestingly, separate visible aggregations from those undetected
to the naked eye.

In the stations where Trichodesmium spp. contributed <90%
for the total abundance of organisms, the species composition
varied between different groups of microplankton (Figure 1;
Table 2). Stations #14 (18 taxa), #10 (17 taxa) #1, and #5 (13 taxa
each) had a relatively high diversity and densities, while #6, #8,
#12, and #15 had concentrations of <500 cells L−1 (Table 2). In
considering the main microplanktonic organisms present in the
area, the centric diatoms from the sub-order Coscinodiscineae,
dinoflagellates Neoceratium spp. and silicoflagellates (Class
Dictyochophyceae) were fairly common across the region
and in relatively high abundance (Table 2). Interestingly, the
harpacticoid copepod Macrosetella gracilis was present along
most of the stations with eggs and larvae attached to the
Trichodesmium trichomes (Figure 3a). In the Southernmost
stations, an unidentified pteropod mollusk appeared in
high abundances (data not shown). Symbioses between
microplanktonic organisms and N2- fixers cyanobacteria were
pretty common along the stations such as with Foraminifera
members and the diatoms Rhizosolenia sp. and Chaetoceros sp.
(Figures 3b–d).

The CCA analysis coupled with a Monte-Carlo test of the F-
ratio associated the presence of microplankton groups correlated
with environmental variables (Figure 4). Results indicated that
five environmental variables (temperature, salinity, MLD, wind
speed and water mass types) and the covariate latitude influenced
significantly the spatial distribution of the different groups of
microplankton (p < 0.01). In fact, environmental variability
explained 44% of the community composition, and the first two
significant canonical roots cumulatively explained 71.5% of the
observed variance in taxa.

Taxonomy of Trichodesmium Based on

Morphological Features
We identified 5 different species of Trichodesmium (Anagnostidis
and Komárek, 1988; Komárek and Anagnostidis, 2005), which
were mainly based on biometric parameters (length and width
of cells within trichomes), as well as phenotypic features
(presence/absence of calyptra and shape of apical cell). The
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TABLE 2 | Abundance of microplankton groups (trichomes L−1 for Trichodesmium spp. and cells L−1 for others).

Taxa Stations

#01 #02 #03 #04 #05 #06 #07 #08 #09 #10 #11 #12 #13 #14 #15 #16

CYANOBACTERIA

Trichodesmium spp. 9×105 4 × 106 2 × 106 1 × 105 1180 263 4 13 936 8185 2 × 104 26 1138 2500 461 1504

Other oscillatoriales 268 108 90 30 17 9

DIATOMS

Chaetoceros spp. 670 36 7 22 834

Climacodiumfrauenfeldianum 35 10 65 5 194

Coscinodiscineae 804 444 29 14 14 21 117 10 381 26 5592 9 120

Dactyliosolen sp. 91 4 139 5

Hemiaulus sp. 1116 45 18 7 11 104 13 500 5

Hemidiscus sp. 104 46

Planktoniella sol 45 5 4

Pleurosigma sp. 42 23 6 9 19

Rhizosolenia spp. 357 67 30 36 26 10 56 9

Thalassionema spp. 9 100 13 472 86

DINOFLAGELLATES

Amphisoleniabidentata 90 24

Ceratocoryshorrida 9

Dinophysis spp. 9

Neoceratium spp.* 2411 54 402 269 194 13 11 294 30 10 2167 13 334

Ornithocercus spp. 268 67 6 9 16 65 5 65 9

Protoperidinium spp. 581 54 45 12 408 9

Pyrophacus sp. 22 5 11 43

Schuetiella mitra 9

OTHERS

Dictyochophyceae 45 23 9 14 5 22 5 83

Ciliate 4 9

Radiolarian 5 30 5 65 26

Foraminiferan 328 23 96 9 39 56

Total abundance 9 × 105 4 × 106 2 × 106 1 × 105 2161 292 46 60 1006 9059 2 × 104 557 1200 1 × 104 493 2115

*N. concilians, N. contortum var. karstenii, N. extensum, N. fusus, N. horridum, N. pentagonum, N. praelongum, N. symmetricum, N. teres, N. trichoceros, N. vultur var. sumatranum.

morphologically different forms generally co-occurred at the
different stations; however, we did not differentiate the species
composition for each station (Figures 5, 6).

T. clevei (J. Schmidt) (Anagnostidis and Komárek, 1988)
was found as single trichomes or in colonies containing 20–30
trichomes, with cylindrical and slightly coiled cells. Most of the
trichomes were blue-green, but were also found as dark reddish.
The cell diameter ranged from 5.9 to 7µm and were longer
than wide, with apical cell rounded and without calyptra. Their
occurrence was already registered in Gulf of Siam and Australia,
but this is the first time this species is described in South Atlantic
waters. T. erythraeum (Ehrenberg ex Gomont) was found as both
free-floating or in colonies as purple-red trichomes, constricted
at the cross-walls that were gradually attenuated at the ends.
Cells were 6–11µm long, with the apical cell containing a
distinctive calyptra. The species is documented as forming
dense aggregations in tropical and subtropical oceans, including
the Atlantic, and was already described in the present region

(Rörig et al., 1998; Siqueira et al., 2006; Carvalho et al., 2008).
T. hildebrandtii (Gomont) was easily distinguished among the
other species because of the diameter ranging from 13 to 22µm
with significantly shorter cells. It was found as single trichomes
or in colonies with a dark-reddish color, had attenuated cells
at the ends and apical cells containing a calyptra. The species
can be found in warm seas all over the world, but has not been
previously described in South Atlantic Ocean. T. radians (Wille)
(Golubié) had the most distinctive morphology, characterized
by wavy trichomes that were either free or aggregated as star-
shaped colonies (Figure 6). The cells were always blue-green with
large gas vesicles and a cell diameter range of 6–9µm, longer
than wide. Apical cells were rounded and without calyptra. This
specie is largely distributed among the oceans, and this is the
first report for the South Atlantic waters. T. thiebautii (Gomont
ex Gomont) was found as single trichomes or colonies that were
partly rope-like contorted or radially-arranged. Cells were nearly
isodiametric, not constricted at the cell walls, with rounded
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FIGURE 2 | nMDS ordination diagram dividing the stations into two distinctive groups according to Trichodesmium abundance of trichomes per liter. Group (A) where

the stations presented > 8,000 trichomes L−1 and Group (B) contains stations with <2,500 trichomes L−1. The ANOSIM test revealed statistical differences between

the two groups: p < 0.01, R2 = 0.58 and Stress = 0.04 (<0.5).

FIGURE 3 | Members of microplankton in association with other organisms

found in the stations. Colonies of Trichodesmium with juveniles of Macrosetella

gracilis (a); foraminifera in association with picocyanobacteria (b); symbiosis

between Rhyzosolenia sp. and Richelia sp. (c); and associations between a

chain of Chaetoceros sp. and picocyanobacteria (d).

apical cells. This species has a wide distribution range and was
previously found offshore the Brazilian coast (Björnberg, 1965).

Toxicity of Trichodesmium
Our toxin analysis were negative for domoic acid and positive
for STX concentrations in all samples analyzed (Figure 7). There
was an inverse association between density of trichomes and STX
concentrations. At the same time, Trichodesmium was dominant
in terms of abundance for these stations (Figure 1). In relation
to STX concentration, concentrations ranged from 0.45 to ∼4

(STX-eq) µg L−1, with the qualified and quantified variants as
gonyautoxins (GTX), specifically GTX-4 and GTX-2. The GTX-
4 was the main variant contributing for total STX (STX-eq)
toxicity.

DISCUSSION

The aggregations of Trichodesmium were observed during
clear skies, calm seas and when wind speed was relatively
low <10 knots; such conditions were reported elsewhere as
suitable for trichome aggregations (Villareal and Carpenter, 2003;
LaRoche and Breithbarth, 2005; Agawin et al., 2013), and this
relationship is confirmed by statistical analysis (Figure 4). A
noticeable feature observed at station 2 is that the aggregation
was accompanied by floating objects such as feathers, wood
and plastic. This suggests the objects and organisms were
concentrating at the convergence region of a Langmuir cells,
in agreement with previous observations elsewhere (Evans and
Taylor, 1980). A shallow MLD of 17m depth kept the trichome
aggregations at surface, facilitated by gas vesicles inside the cells
that give a positive buoyance to the trichomes (Capone et al.,
1997; Villareal and Carpenter, 2003). Moreover, Since the genus
is well-known to have very low growth rates∼0.14 d−1 (LaRoche
and Breithbarth, 2005), it was unlikely that trichomes formed
blooms, such as harmful algal blooms (HABs).

Intermediate densities of Trichodesmium∼8× 103 trichomes
L−1 (some stations from group B, Figure 2) could represent
a transient condition before the mixed layer depth (MLD)
stabilization and associated with wind speeds <8 knots, suitable
for Trichodesmium aggregation and colony formation. On the
other hand, the deepening of MLD might dilute Trichodesmium
aggregations; in this case, our vertical net hauls of 30m deep
would not account for these organisms. The importance of
MLD on the community structure was confirmed in the CCA’s
ordination diagram (Figure 4).
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FIGURE 4 | Canonical Correspondence Analysis showing the relationship between the abiotic variables and density of organisms. The first two canonical roots

represent 71.5% of microplankton groups vs. environment relationships (1st root explains 40.3% and 2nd root explains 31.2%). The red circles represent the stations,

numbered from 1 to 16. For the abiotic variables, represented by arrows: MLD, Upper Mixed Layer; WS, Wind Speed; WM, Water Mass; S, Salinity; T, Temperature.

For the taxa, represented by triangles: Tri, Trichodesmium spp, Osc, Other Oscillatoriales; Dia, Diatoms; Cha, Chaetocerosspp; Cli, Climacodiumfrauenfeldianum;

Cos, Coscinodiscineae; Dac, Dactyliosolen sp; Heu, Hemiaulus sp; Hed, Hemidiscus sp; Pla, Planktoniella sol; Ple, Pleurosigma sp; Rhi, Rhizosolenia spp; Tha,

Thalassionema spp; Amp, Amphisoleniabidentata; Cer, Ceratocoryshorrida; Din, Dinophysis spp; Neo, Neoceratium spp; Orn, Ornithocercus spp; Pro,

Protoperidinium spp; Pyr, Pyrophacus sp; Sch, Schuetiellamitra; Dic, Dictyochophyceae; Cil, Ciliate; Rad, Radiolarian; For, Foraminiferan.

FIGURE 5 | Five species of Trichodesmium co-occurring in a sample (×200 of

magnification): T. hildebrandtii (a), T. clevei (b), T. thiebautii (c), T. erythraeum

(d), and T. radians (e).

In stations where Trichodesmium was present in high
densities, we found low densities of microphytoplankton co-
occurring (Table 2; Figure 1). Inorganic nutrient concentrations
through our study area, however, were present at high
concentrations (Bif and Yunes, 2017) and do not support such
low densities of microphytoplankton. From these organisms,
typical representatives of open oceans were found at the stations,

such as the dinoflagellates Neoceratium spp., Dinophysis spp. and
Ornithocercus spp., and the heterotroph Protoperidinium spp.
These genera have been classified as the major consumers of
phytoplankton biomass, where Protoperidinium spp. is especially
important in open oceans (Sherr and Sherr, 2007). Two genera
were found in symbiosis with picocyanobacteria, as the case
of Ornithocercus spp. and Rhizosolenia spp.; such associations
were previously seen in other oceans (Madhu et al., 2013).
The co-occurrence of T. hildebrandtii with other microplankton
organisms was already registered in the southern Brazilian coast
(Guimarães and Rörig, 1997), but were never detailed.

The presence of STX, thus, is another relevant factor
that should possibly control the distribution of microplankton
groups across stations. Based on the relationship between
trichome densities and toxin production, we found STX (STX-
eq) associated with the presence of Trichodesmium (Figure 7).
Higher STX (STX-eq) concentrations were correlated with
lower trichomes per liter; thus, we suggest that Trichodesmium
produces the toxin during the early stage of trichome
aggregation. STX are allelochemical compounds produced as
secondary metabolites which are not required for metabolism
(i.e., growth, development and reproduction), but are considered
an important defense against herbivory (Fraenkel, 1959; Stamp,
2003). Our work suggests that STX could be play a central
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FIGURE 6 | Details of Trichodesmium trichomes co-occuring in the samples

(×400 of magnification). In the first image (I) T. hildebrandtii (a), T. clevei (b), T.

thiebautii (c), and T. erythraeum (d); in the second image (II) T. clevei (a), a

rounded apical cell in T. thiebautii (b) and the wavy trichome of T. radians (c).

FIGURE 7 | Relationship between aggregations shown as density of

trichomes per liter, and Saxitoxin concentrations in µg L−1. The concentration

of STX per trichome is shown in parenthesis as µg SXT per trichome−1 × 10
−8. Aggregations are in order of stations; to a better comparison per density of

trichomes: S1 > S5 > S2 > S4 > S6 > S3.

role during initial aggregations of Trichodesmium in order
to minimize bottom-up (i.e., competition for nutrients) and
top-down (i.e., herbivory) controls (Smayda, 1997). This is
corroborated by the fact that other organisms were less abundant
in the presence of Trichodesmium, but were dominant in
regions where trichomes were not accumulating or forming
colonies (Figure 1). Although we identified other potential toxin
producers (i.e., STX and domoic acid) in the stations such
as Gonyaulax spinifera, Protoceratium reticulatum, Chaetoceros
spp., and Pseudo-nitzschia seriata (Table 3), they were not
abundant enough to be responsible for the high toxin
concentrations.

Despite the solely morphological/traditional identification of
Trichodesmium performed in our work, previous studies already
linked the traditional taxonomy with molecular approaches and
found high aggreement between techniques. Some approaches
include 16S rRNA gene sequencing (Komárek, 2010), and genetic
and biochemical informations that add to the development of a
functional classification scheme (Hynes et al., 2012). A detailed
description of Trichodesmium spp. species was never assessed for
the Southwest Atlantic Ocean (Silva et al., 2008 and references
therein), so the identification of three new species for the region
(T. clevei, T. hildebrandtii, and T. radians) adds to the previous
reports of T. erythraeum (e.g., Barbosa, 1944; Gianesella-Galvão,
1995; Rörig et al., 1998) and T. thiebautii (Björnberg, 1965).
Nevertheless, we suggest that further local studies based on the
polyphasic approach (i.e., using morphological, ultra-structural,
biochemical and genetic features) are still necessary (Komárek
et al., 2014).

From the five species of Trichodesmium found in the region,
T. erythraeum and T. thiebautii are already known to be toxic to
the environment. In ecological tests performed with both species
collected and isolated from Caribbean waters, T. thiebautii was
highly toxic forArtemia salina and copepods, and was neurotoxic
to mice and some non-grazing copepods (Hawser and Codd,
1992; Hawser et al., 1992). T. erythraeum toxicity was assessed
in populations from the Northeast of Brazil through HPLC,
Elisa and ecotoxicological tests, and was positive for STX and
microcystins (Proença et al., 2009). In this same region, the
specie was found in co-occurrence with toxic dinoflagellates;
but analagous to our study, the organisms were present in
small abundances. The toxigenic potential of T. erythraeum
was recently validated through brine shrimp toxicity assay,
showing 100% of mortality after 48 h of incubations using
aggregations from the Gulf of Mannar (Shunmugam et al.,
2017). The study also demonstrated that T. erythraeum is
able to synthesize other potent multi-class neurotoxins such
as anatoxin-a and gonyautoxin, and microcystins. The toxicity
of other Trichodesmium species, however, requires further
investigation, and the Southwest Atlantic seems to be a good
candidate to perform similar studies, given the diversity of
Trichodesmium species and high abundance along the shelf
break.

SUMMARY

The Southwest Atlantic Ocean shows suitable conditions
for growth and colony formation of Trichodesmium spp.
Five species of Trichodesmium (T. clevei, T. erythraeum,
T. hildebrandtii, T. radians, and T. thiebautii) were identified,
and three out five reported for the first time at the region.
During non-Trichodesmium-dominated assemblages in the water
surface, dinoflagellates and relatively large diatoms were the
dominant groups. Our results on microplankton densities
in the stations combined with toxin analysis revealed that
STX was likely produced by Trichodesmium aggregations.
Higher concentrations of toxins correlated with moderate
numbers of trichomes per liter; lower concentrations were
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TABLE 3 | Checklist of organisms found with Trichodesmium aggregations.

Taxa Patch 2, 0 m Patch 2, 15 m Patch2, 0m Patch

#45 #46 #24 (net sample 6)

CYANOBACTERIA

Trichodesmium spp.

(abundance of

trichomes and tufts)

High X X

Low X X

COCCOLITHOPHORES

Umbilicosphaera

sibogae

X

DIATOMS

Bacteriastrum

delicatulum

X

Bacteriastrum

furcatum

X

Chaetoceros

aequatorialis

X

Chaetoceros

coarctatus

X

Chaetoceros

compressus

X

Chaetoceros dadayi X

Chaetoceros

messanensis

X

Chaetoceros

peruvianus

X

Chaetoceros

tetrastichon

X

Climacodium

frauenfeldianum

X

Corethron

pennatum

X

Coscinodiscus sp. X

Cylindrotheca

closterium

X

Dactyliosolen spp. X

Hemiaulus

membranaceus

X X

Hemiaulus sinensis X

Leptocylindrus

mediterraneus

X

Lioloma sp. X

Naviculaceae

<20µm

X

Nitzschia longissima X

Pleurosigma/

Gyrosigma

X

Proboscia alata X X X X

Pseudoguinardia

recta

X

Pseudo-nitzschia

complex seriata (t.a.

>5µm)

X

Rhizosolenia

styliformis

X

Rhizosolenia sp. X X X

Thalassionema

bacillare

X

Thalassionema

frauenfeldii

X X

Thalassiosira sp. X

(Continued)

TABLE 3 | Continued

Taxa Patch 2, 0 m Patch 2, 15 m Patch2, 0m Patch

#45 #46 #24 (net sample 6)

DINOFLAGELLATES

Gonyaulax spinifera X

Gymnodiniales

<20µm

X

Oxytoxum sp. X

Prorocentrum

compressum

X

Protoperidinium

conicum*

X

Protoperidinium

curtipes*

X

Protoperidinium

divergens*

X

Protoperidinium

leonis*

X

Protoperidinium

oblongum*

X

Protoperidiniumovum* X X X

Protoperidinium

pellucidum*

X

Protoperidinium sp.* X

Protoceratiumreticulatum X X

Ptychodiscus

noctiluca

X

Pyrophacus sp. X X X

Tripos concilians X

Tripos furca X

Tripos fusus X

Tripos horridus X

Tripos muelleri X

Tripos teres X

Tripos trichoceros X

Cyst X X

Association/symbioses

Rhizomonas

setigera* +

Leptocylindrus sp.

X

Foraminifera* X

CILIOPHORA*

Amphorellasp. X

Climacocylis cf.

scalaria

X

Dadayiella

ganymedes

X

Eutintinnus sp. X

Favella sp. X

Salpingella spp. X

Tintinnopsis sp. X

Undella sp. X

Xystonella treforti X

Xystonellopsis spp. X

Zoothamnium sp. X

Harpacticoida* X

Nauplius and

copepodites of

Macrosetella

gracilis*

X X X

*Heterotrophic species.
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present during high densities of the genus. The lack of
microplankton diversity during Trichodesmium dominance
might be associated with the toxin production, which seems to
be especially important during the early aggregation phase at the
surface.
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and Antarctic Studies, University of Tasmania, Hobart, TAS, Australia

Despite salmon farmers suffering the worst damage from a harmful algal bloom in Chile’s
history (US$800M) due to a massive outbreak of the dictyochophyte Pseudochattonella
verruculosa in 2016 (∼7000–20,000 cells ml−1), the effect of environmental drivers
and the potency of lytic toxins produced by the local clones of this species remain
still largely unexplored. Based on the drastic oceanographic anomalies observed in the
Chilean fjords during the 2016-El Niño “Godzilla” event, the role of salinity (15 to 35 psu)
on Pseudochattonella cell growth and cytotoxicity was studied by culturing, scanning
electron microscopy (SEM) and using a rainbow trout cell line RTgill-W1 assay to define:
(1) vegetative growth rates, (2) cell taxonomy, (3) ichthyotoxicity of monoclonal cultures
at 25 and 35 psu in salinity, (4) differences in toxicity of lysed cells and supernatant at
different cell concentrations (from 10 to 100,000 cells ml−1), and (5) temporal stability
of lytic compounds. This study formally confirms the presence of P. verruculosa in
Chilean waters using the large subunit (LSU) of the nuclear ribosomal RNA gene. The
Chilean P. verruculosa ARC498 strain showed maximum cell densities at 30 psu (max.
84,333 ± 4,833 cells ml−1) and maximum growth rates (µmax) at 20 psu (1.44 cells
d−1). Cultures at 15 psu showed suppressed maximum cell density (max. 269 ± 71
cell ml−1) but high µmax were recorded at the beginning of the exponential growth
(1.31 cells d−1). No significant differences were observed between lysed cells and
supernatant treatments in the two salinity levels, suggesting that the most lytic portion
is released into the cell-free media instead of remaining cell bound. Cytotoxicity was
correlated to cell abundance, reducing gill cell viability down to 80 and 65% compared to
controls at 10,000 and 100,000 cells ml−1, respectively. Unexpectedly, lytic compounds
from P. verruculosa ARC498 at 35 psu showed to be less toxic than cultures at 25,
where a noticeable presence of peripheral mucocysts were observed by SEM. Lytic
compounds from in vitro experiments are weakly toxic even at high cell concentrations,
highly unstable and rapidly degraded in the light after 5 days of storage at 15◦C. Our
results point to the important effect of salinity on growth and ichthyotoxic potency of
Pseudochattonella species and highlight the need for a deeper insight into the role of
mucocysts in fish gill damage, which would provide a greater understanding as to the
harmful modes of action of this species.

Keywords: molecular identification, fish-kills, fish cell line assay, ichthyotoxicity, Chilean fjords
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INTRODUCTION

Harmful Algal Blooms (HABs) have become an important
threat for coastal aquaculture in the last decades (Hallegraeff
et al., 2017). The more severe harmful effects occur when some
microalgae produce toxic secondary metabolites that display
potent biological activity against a wide variety of marine
organisms or in humans upon consumption of contaminated
seafood (Skjelbred et al., 2011). Among the∼80 species described
as having the capacity to produce toxins, flagellates are recognized
as the most harmful group (Wright and Cembella, 1998;
Hallegraeff, 2003).

The heterokont genus Pseudochattonella encompass marine
ichthyotoxic phytoflagellates recently added to the list of
fish killing microalgae (Eckford-Soper and Daugbjerg,
2016b). Originally described as Chattonella verruculosa
(Raphidophyceae) by Hara et al. (1994), molecular genetic
analysis later on erected a new genus and Pseudochattonella
verruculosa (Y. Hara and Chihara) Hosoi-Tanabe, Honda,
Fukaya, Otake, Inagaki and Sako, was transferred to the class
Dictyochophyceae (Hosoi-Tanabe et al., 2007). Subsequently a
second species, Pseudochattonella farcimen (Eikrem, Edvardsen,
and Throndsen), was assigned to this genus (Edvardsen et al.,
2007; Eikrem et al., 2009). Blooms of Pseudochattonella species
have caused several fish kills in Northern Europe (Lu and
Goebel, 2000; Naustvoll et al., 2002; Edvardsen et al., 2007;
Riisberg and Edvardsen, 2008), Japan (Yamamoto and Tanaka,
1990; Baba et al., 1995; Imai et al., 1998), New Zealand
(MacKenzie et al., 2011; Chang et al., 2014) and Chile
(Mardones et al., 2012; Clément et al., 2016; León-Muñoz
et al., 2018).

The first reported bloom of Pseudochattonella sp. in Chilean
waters occurred on January of 2004 in the locality of Cholgo –
Los Lagos region (Mardones et al., 2012). Pseudochattonella sp.
has since then been held responsible for several salmon mortality
events in January and February of 2005, 2009, 2011, and in
March 2016 (Mardones et al., 2012; Clément et al., 2016; León-
Muñoz et al., 2018). The last bloom was the more massive
one, extending several Km2 in the inner zone of fjords and
channels and causing the worst damage from HABs on Chilean
salmon industry so far. Losses for the salmon industry in this
occasion were calculated in 100,000 metric tons of Atlantic
and Coho salmon and trout, equivalent to an export loss of
US$800 million (15% of Chile’s yearly production) (Clément
et al., 2016). This massive salmon mortality event evidenced
the high fish-killing potency of the Chilean Pseudochattonella
species, however, its ichthyotoxic mechanism in not yet
understood.

Research on Pseudochattonella spp. toxicity has proven to
be difficult and has led to different opinions. Some studies
have shown that cell culture extracts can produce a toxic
effect on planktonic organisms and cell lines (Skjelbred et al.,
2011; Chang et al., 2014), whereas studies conducted by
Andersen et al. (2015) suggested that live cells are required
to induce a toxic effect on fish. The latter hypothesis
relates the toxicity of Pseudochattonella spp. to the presence
of peripheral saccular extrusomes called “mucocysts” that

give these algae their characteristic warty appearance. The
ecological function of the mucocysts is not clear but it
has been suggested their implication as a mechanism to
capture bacteria (Jeong et al., 2010) or as grazer deterrents
(Tillmann and Reckermann, 2002).

The Chilean fjords are characterized by freshwater inputs from
precipitation and melt water from Patagonian ice fields, which
results in strong haline vertical gradients creating a unique highly
productive area (Rignot et al., 2003). These stratified systems act
as a barrier against the vertical propagation of turbulence from
adjacent high mixing layers allowing for vertically heterogeneous
phytoplankton distributions (Stacey et al., 2007; Yamazaki
et al., 2010). Horizontally extensive subsurface patches of
phytoplankton, the so-called “thin layers,” have been observed to
persist from hours to weeks and can contain more than 75% of
the total microalgae biomass in the water column (Holliday et al.,
2003; Sullivan et al., 2010). Interestingly, key target HAB species
in the northern Patagonian waters, such as Dinophysis spp. and
the ichthyotoxic Pseudochattonella sp., have been observed in
subsurface ‘thin layers’ (Alves-de-Souza et al., 2014; Clément
et al., 2016). This fact points to the crucial role of salinity,
as well as, nutrient availability and fluctuations in pCO2/pH
for HAB formation in these highly heterogeneous estuarine
systems.

The 2016 bloom seemed to be related to exceptional ocean and
inshore water conditions in late 2015 due to a strong El Niño
event and the positive phase of the Southern Annular Mode that
altered the atmospheric circulation in the adjacent Pacific Ocean
(León-Muñoz et al., 2018). The resultant increase in surface water
temperature (>15◦C) and reduced freshwater input allowed the
advection of more saline (∼33–35 in salinity) and nutrient-rich
offshore waters into the fjords. These changes toward relatively
high salinity in the Reloncaví Sound (25–27 psu) were observed
prior to the bloom in February. By mid-March there was an
increase in salinity (>30 psu) and a gradual drop in temperature,
probably associated to lower river streamflow, which could
have stimulated the massive Pseudochattonella bloom (León-
Muñoz et al., 2018). The maximum cell concentrations during
the event were estimated to be between 7,000 and 20,000 cells
ml−1 (Clément et al., 2016; León-Muñoz et al., 2018), several
orders of magnitude higher of those recorded in previous
Pseudochattonella sp. blooms in the area (Mardones et al.,
2012). It has been suggested that high salinity variations in
estuarine systems can strongly alter microalgae composition
(Kirst, 1990), therefore this variable could have played key
role in the proliferation, as well as, ichthyotoxic potency
of Pseudochattonella sp. in the 2016 bloom event. However,
ecophysiological studies on Chilean strains have not been yet
undertaken since cultures of this species were only established
after 2016 (Paredes et al., 2016; this study).

The aim of this study was to officially confirm the taxonomic
identification of the Chilean Pseudochattonella populations, as
well as, to provide the first assessment of growth parameters of
species of this genus under different salinity levels. The potential
lytic activity of Pseudochattonella species was also tested in intra-
and extracellular metabolites using a fish gill cell line assay, as this
has important implications for their mechanistic effects.
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FIGURE 1 | Study area showing a schematic horizontal circulation model by layers (adapted from Silva et al., 1998). (A) Surface Estuarine Water EW (0–∼30 m); (B)
intermediate Subantarctic Water (SAAW) (∼30–∼150 m) and deep Equatorial Subsurface Water (ESSW) (∼150 m to the bottom). The red circle shows the origin of
the Pseudochattonella ARC 498 strain.

MATERIALS AND METHODS

Study Area
In the northern Patagonian fjords (42–44◦S), where
Pseudochattonella sp. bloom events have been registered,
the vertical distribution of water masses presents a three-layer
structure. A surface layer of Estuarine Waters (EW) (EW-Marine
21 to 31 psu; EW-Brackish 11 to 21 psu and EW-Freshwater 2
to 11 psu) between 0 and 20–30 m moves offshore increasing
its salinity compared to fresh water sources (Figure 1A). An
intermediate layer of Sub-Antarctic Waters (SAAW ∼33 psu)
between 30 and 150 m enters the inner part of the fjords from
the south. The mix between EW and SAAW in the inner part of
the fjords is called Modified Sub-Antarctic Waters (MSAAW).
A deep layer of remnants of Equatorial Subsurface Waters

(ESSW > 33) from 150 m to the ocean bottom enters the inland
sea of Chiloé through the Chacao channel and Boca del Guafo
(Figure 1B; Silva et al., 1998). According to Castillo et al. (2016),
the waters in the Reloncaví fjord are dominated along the seasons
by EW in the upper layer and MSAAW in the deep layer.

Culture Origin and Maintenance
Algal Culturing
A monoclonal culture of the toxic dictyochophyte
Pseudochattonella verruculosa ARC498 strain was isolated
from the Reloncaví sound during the 2016 bloom, kept in culture
in the Algal Resources Collection at the University of North
Carolina Wilmington and later transferred to the CREAN-IFOP
laboratory to perform this study. Non-axenic cultures were
grown in F/2 medium (Guillard and Ryther, 1962) at 15◦C
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in sterile filtered (0.22 µm) seawater (25 psu) at 20 µmol
photon m−2 s−1 (cool white fluorescent lamps) under a 12:12 h
light:dark cycle.

Gill Cell Line
The cell line RTgill-W1, originally cultured from gill filaments
of rainbow trout Oncorhynchus mykiss (Bols et al., 1994), was
acquired from the American Type Culture Collection (CRL-2523,
ATCC). Cells were cultured at 17◦C in the dark in Leibovitz’s
L-15 medium (L1518 Sigma), supplemented with 10% (v/v)
fetal bovine serum (FBS, 12003C, Sigma), and an antibiotic–
antimycotic solution (A5955, Sigma) containing amphotericin B
(25 mg ml−1), streptomycin (10 mg ml−1) and penicillin (10,000
units ml−1) in 25-cm2 culture-treated flasks (3100–025, Iwaki).
0.25% trypsin–0.02% EDTA in Hank’s balanced salt solution
(59428C, Sigma) was used to detach cells that grew as an adherent
monolayer at the bottom of the flask. Subcultures were normally
established twice per week at a ratio of 1:2 with L-15 medium
renewal.

Molecular Identification of P. verruculosa
Cells from monoclonal cultures of the ARC498 strain (GenBank
accession number MK106355.1) were pelleted by centrifugation
at 1500 g for 10 min at 4◦C, the supernatant discarded and the
cell pellets incubated at 65◦C for 3 h in 1 ml CTB buffer and 10 µl
Proteinase K (10 mg/ml). The LSU (D1-D3) region of the rDNA
gene was amplified using the primers D1R and D2C (Scholin
et al., 1994; Edvardsen et al., 2003) in a SimpliAmp Thermo-
Cycler (Applied Biosystems). The PCR protocol was as follow:
initial denaturation step of 95◦C for 1 min, followed by 35 cycles
of 95◦C for 30 s, 56◦C for 30 s, 72◦C for 30 s, followed by a
7 min extension at 72◦C. PCR products were visualized on a
1.5% agarose gel and the product was purified using the Illustra
GFX PCR DNA and gel band purification kit (GE Healthcare),
and sequenced in both directions in Macrogen Korea. LSU
rDNA sequences were aligned along with sequences available
in GenBank using MUSCLE (Edgar, 2004), implemented in
Geneious (Biomatters Ltd.). Unalienable regions were excluded
from the LSU alignment. jModelTest (Posada, 2008) was used to
identify appropriate models of sequence evolution (LSU: GTR
+ I), and maximum likelihood analyses were conducted using
PhyML (Guindon et al., 2010). Support values were estimated
using Likelihood Ratio Test (aLRT, Anisimova and Gascuel, 2006)
and bootstrap analysis (1000 replicates). Bayesian analyses were
conducted using MrBayes V3.1.2 (Ronquist and Huelsenbeck,
2003) using the appropriate model (GTR+ I).

Morphological Characteristics and
Growth of P. verruculosa Cultures
Scanning Electron Microscopy (SEM) of
P. verruculosa
Scanning electron microscopy analysis was performed following
Botes et al. (2002). Briefly, a P. verruculosa culture was fixed
1:1 with 2% osmium tetroxide (OsO4) made up with filtered
seawater. The 1% solution of fixed cells and OsO4 was applied on
coverslips coated with poly-L-lysine (P-4832, Sigma) and left for
∼30 min for P. verruculosa cells attachment. Attached cells were

washed by submerging the coverslips for 10 min in a 1:1 solution
of distilled water and filtered seawater, followed for a 10-min
wash in distilled water. The coverslips were then taken through
a graded ethanol series (30, 50, 70, 80, 90, 95, and 100%, 10 min
each step). Following removal from the 100% ethanol, few drops
of hexamethyldisilazane (HMDS) were immediately added onto
the coverslips to substitute critical point drying (CPD). Samples
were coated with gold-palladium (60:40) and viewed with a JEOL
JSM 6380LV SEM.

Pseudochattonella verruculosa Growth
Exponentially growing cultures of P. verruculosa ARC498 were
acclimated to the target salinity treatments of 15, 20, 25, 30,
and 35 psu for 3 weeks prior to the experiments (corresponding
to 10 generations). Pre-acclimated cultures were inoculated into
sterile 60 ml polystyrene culture flasks containing 50 ml of F/2
media adjusted to the target salinity conditions. All treatments
were performed in three replicates with an initial cell density
of 500 cells ml−1. The light intensity of 20 µmol photon m−2

s−1 was chosen as it was considered the optimum saturation
irradiance for the Chilean ARC498 P. verruculosa growth from
pre-experimental measurements (data not shown). Thus, the
growth rates obtained at the five salinity treatments correspond
to maximum rates. The experiment was carried out for 27 days
with samples taken every 3–7 days.

Cells concentration was determined immediately after
sampling, based on buffered-Lugol’s fixed cells quantified
under an inverted light microscope (Olympus, CKX41) using a
Sedgewick-Rafter chamber. In every sampling date, the mean cell
number obtained from the three replicates was used to calculate
the growth rate µ (d−1):

µ =
ln (c1/c0)

t1 − t0
(1)

were co and c1 are the cell concentrations (cell ml−1) at the
beginning (t0) and end (t1) of the incubation period (days),
respectively. At the end of the experiment, all cultures were left
for 15 days under the original experimental conditions to observe
the behavior of multinucleated cell aggregations as described by
Tomas et al. (2004). These cell aggregations are believed to serve
as resting stages and can potentially release a huge number of
daughter cells that could alter the in vitro estimation of growth
rates due to a sudden cell increase.

Pseudochattonella Cytotoxicity Against
Fish Gill Cells
The cytotoxicity assay with P. verruculosa ARC498 was carried
out using conventional multiwell microplates according to
Dorantes-Aranda et al. (2011). Cultures with confluent gill cells
were trypsinized (59428C, Sigma) for detachment, counted using
a hemocytometer and adjusted to a concentration of 2 × 105

cell ml−1 in L-15 medium. Subsequently, gill cells were seeded
in quadruplicate in 96-well flat bottom microplates (3860-096,
Iwaki, Japan), using a volume of 100 µl per well. After 48 h
at 17◦C in the dark for gill cell attachment, L-15 medium was
discarded, the cells rinsed with PBS and exposed to 100 µl
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Pseudochattonella lysed cells and supernatant medium from
cultures at 25 and 35 psu at 17◦C in the dark. A salinity of 25
corresponds to a value measured above the pycnocline during
the 2016 El Niño event in the Reloncaví Sound (Clément et al.,
2016), and 35 psu is consistent with salinity values measured in
the offshore Equatorial Subsurface Water (ESSW) (Silva et al.,
1998). Supernatant and lysed cells treatments were prepared
from Pseudochattonella cultures in the exponential growth phase
at five different concentrations (10, 100, 1000, 10,000, and
100,000 cells ml−1). The supernatant suspension was prepared
by centrifugation of cultures for 5 min at 3500 rpm and then
diluted as needed. The lysed cell suspension was prepared by
sonication of diluted samples for 10 min at an amplitude of
10 µm peak to peak at 17◦C and filtered using a syringe with
a nylon filter (0.22 µm). After 1 h exposure, the viability of the
gill cells was determined using L-15/ex medium (Schirmer et al.,
1997), a modified version of the L-15 medium, containing 5%
of the indicator dye alamarBlue (DAL1025, Invitrogen) (Pagé
et al., 1993). The medium containing the indicator dye was
added to all cell-seeded wells and incubated for 2 h in the
dark (Dayeh et al., 2005). Using a microplate reader (FLUOstar
OMEGA, BMG Labtech), the fluorescence signal of alamarBlue
was detected using excitation and emission filters of 540 and
570 nm, respectively. The viability of the gill cells was expressed
as response percentage of the treatments relative to the controls
(% of control).

Data Analysis
To explore the effect of salinity on growth and the ichthyotoxic
potency of P. verruculosa, analysis of variance (ANOVA) from
simple linear regression models on maximum cell density,
maximum specific growth rate (µmax) and gill cell viability
against Pseudochattonella cell density and intra- and extracellular
compounds was performed. Normality and homogeneity of
variances were assessed by the Kolmogorov-Smirnov method
and Levene’s test. A post hoc analysis using a Tukey HSD test
was performed to determine differences among treatments. The
null hypothesis (no difference in responses) was rejected in all
statistical analyses if the respective p-value was <0.05. These
analyses were performed using the software R v. 3.0.1 (Ihaka and
Gentleman, 19961).

RESULTS

Molecular Identification of
Pseudochattonella
The 250 bp partial LSU rDNA sequence obtained from
P. verruculosa ARC498 was identical to six sequences attributed
to P. verruculosa (AB217643.1, AM850226.1, AM850225.1,
AM850224.1, AB217642.1, and AM040504.1), and differed from
sequences of Pseudochattonella farcimen by 4–5 substitutions.
Phylogenetic trees obtained from these sequences and outgroup
rooted with relatives of Pseudochattonella species demonstrate
this pattern and give a relative scale of variation between the

1http://www.r-project.org

Chilean strain and other P. verruculosa sequences as well as
P. farcimen. The LSU tree shows the Isla Huar isolate resolved
in the P. verruculosa clade, although not as a monophyletic group
(Figure 2).

Morphological Characteristics and
Growth of P. verruculosa Cultures
Cells showed a variable morphology with form and size changing
in response to growth phase and salinity treatments. All
treatments showed cell shapes ranging from small spherical/oval
(∼4–10 µm) to conical-elongated (∼8–19 µm). Two heterokont
flagella were present. The shortest flagellum faces backward and
a longer anteriorly directed flagellum (∼12–22 µm) pulls the cell
forward (Figure 3A). Mucocysts were mainly present in larger
than smaller cells. SEM analysis micrographs of the P. verruculosa
ARC498 cultures (used for the gill cell line assay) showed a more
recurrent presence of mucocysts in P. verruculosa cells at 25
psu than cells at 35 psu (Figures 3A,B). Mucus secretion was
observed to form cell aggregations (Figure 3C).

The response of P. verruculosa ARC498 to changes in salinity
was significantly different in terms of maximum cell density
and maximum specific growth rate (µmax) (ANOVA, df = 4,
p < 0.001, Figure 4). The highest maximum cell density among
all treatments was obtained at salinity 30 (84333 ± 4833 cells
ml−1), and the lowest at salinity 15 (269 ± 71 cells ml−1)
(Table 1). The highest µmax of 1.44 days−1 was reached at 20 psu
and the lowest at 30 psu with a mean value of 0.88 days−1.
Multinucleated cell aggregations were observed at the bottom of
the flasks throughout the experimental period. After ∼15 days,
some cultures exhibited vegetative cell growth that reached
modest concentrations under depleted-nutrient conditions (data
not shown).

P. verruculosa Cytotoxicity Against Fish
Gill Cells
Viability of gill cells after 1 h exposure to P. verruculosa did
not show significant differences between the supernatant
and ruptured cell treatments (ANOVA, p > 0.05, Figure 5),
and lytic activity showed to slightly increase together with
Pseudochattonella cell density at both salinity treatments.
Cytotoxicity of intra- and extracellular compounds of
P. verruculosa did not show significant differences (ANOVA,
p < 0.05; except treatment at 100,000 Pseudochattonella cells
ml−1 at 25 psu-day1; Figure 5A) and treatments at salinity 25
showed to be more potent than toxic compounds obtained at
salinity 35, reducing gill cell viability down to 52% of controls at
100,000 cells ml−1. Lytic compounds of both salinity treatments
rapidly degraded in the light conditions, reducing gill cell
viability to only less than 20% after 5-days storage at 15◦C
(Figure 5).

DISCUSSION

As P. verruculosa is a newly reported species for Chilean waters,
almost nothing is known about its ecology. This is the first
study to formally confirm the taxonomic identification of Chilean
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FIGURE 2 | Maximum likelihood phylogeny derived from partial nuclear LSU sequences (D1–D2 region) including the Chilean P. verruculosa strain (ARC498)
(depicted in black). Support values are shown on each branch: aLRT/ML bootstrap (above) and Bayesian posterior probability (below).

Pseudochattonella populations as P. verruculosa using a genetic
approach and the first assessment of in vitro cell growth and
cytotoxicity.

Molecular Characterization
To the best of our knowledge, this is the first formal molecular
characterization of a Pseudochattonella strain isolated from the
massive 2016 bloom in the Reloncaví sound (southern Chile),
using a sequence obtained from the LSU rDNA region (Figure 1).
These results resolved the Chilean P. verruculosa strain (ARC498)
within a clade with others P. verruculosa strains from Japan and
New Zealand in agreement with Chang et al. (2014) for the
same gene. However, other markers (18S, Rbcl, COI, and ITS)
should be used to confirm our Chilean Pseudochattonella strain
within the P. verruculosa clade. This is mainly due to the fact
that different gene markers can differ in results. For instance,
a Pseudochattonella strain Wellington Harbour (New Zealand)
was found to be similar to P. verruculosa using the large
subunit of ribulose bisphosphate carboxylase (rbcL) and the
partial sequences of the nuclear encoded LSU rDNA, whereas
sequences of the mitochondrial cytochrome c oxidase subunit
(COI) gene grouped this strain as P. farcimen (Chang et al.,
2014). Moreover, unpublished sequence data from field samples
collected during the 2016 bloom have indicated the potential co-
existence of P. farcimen blooming together with P. verruculosa
in the Patagonian fjord area (ADL Diagnostic Chile- personal
communication). Under this scenario and given the high

morphological variability already described for Pseudochattonella
species (Eckford-Soper and Daugbjerg, 2016b), the description
of molecular markers becomes a key tool for precise species
detection in the Chilean waters. The P. verruculosa ARC498
sequence described in this study has the potential for the design
of primers for quantitative PCR (qPCR) aiming a rapid and low-
cost identification and quantification tool as used in field samples
from Pseudochattonella sp. blooms in Danish waters (Eckford-
Soper and Daugbjerg, 2016a). In future studies, HPLC pigment
analysis could also help for a better Pseudochattonella species
discrimination since violaxanthin, lutein, and anteroxanthin are
only detected in P. verruculosa (Tomas et al., 2004).

Effect of Salinity on P. verruculosa
Cultures
High salinity variations observed in estuarine systems due to
water mix or stratification can produce alterations in marine
microalgae composition. These effects can include (i) changes
in the cellular ionic ratios due to the selective ion permeability
of the membrane, (ii) osmotic stress with direct impact on
the cellular water potential and (iii) ionic stress caused by
the unavoidable uptake or loss of ions (Kirst, 1990). The
Reloncaví Sound (41◦35′S, 72◦20′W), which is recognized as
the ‘hot spot’ for Pseudochattonella outbreaks in the south
of Chile, has a broad range of salinity that can vary from
<10 psu at the surface to >30 psu in deep waters (Castillo
et al., 2016). In our study, the P. verruculosa ARC498 strain
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FIGURE 3 | Scanning electron microscopy of P. verruculosa ARC498 strain. (A) Ovoid cell with a long forwardly directed flagellum (arrowhead) from culture at 35 in
salinity, (B) spherical cell with mucocysts at the periphery of the cell (arrowheads) from culture at 25 in salinity, and (C) group of cells interconnected by thin
mucus-filaments (arrowheads).

isolated from the Reloncaví sound reached high cell densities
between 20 and 35 psu. At salinity 15, exponential cell growth
was 8 days delayed compared to the other salinity treatments
and cell densities were several orders of magnitude lower,
although positive net growth lasted for several days. These
results suggest that freshwater inputs in the upper layer of the
fjord may act as an environmental control for P. verruculosa
cell growth.

The capacity to maintain high and positive net growth at
a broad range of salinity values may have several competitive

advantages in a dynamic estuarine system when turbulence
breaks the halocline and vertically disperse cell through the water
column. This pattern of broad salinity optima has also been
observed in the distantly related Dictyocha speculum Ehrenberg
(Henriksen et al., 1993). However, it has been suggested that
microalgal cell growth primarily depends on temperature and
light, with the tolerated salinity range becoming broader as these
parameters approach optimality (Kirst, 1990). An increasing
tolerance to a high salinity range by our P. verruculosa strain
could be then a result of in vitro optimal conditions (20 µmol

Frontiers in Marine Science | www.frontiersin.org 7 February 2019 | Volume 6 | Article 24191

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00024 February 5, 2019 Time: 17:8 # 8

Mardones et al. Salinity Effects on Pseudochattonella verruculosa

FIGURE 4 | Temporal cell growth curves of P. verruculosa cultures under five salinity treatments. Symbols represent the mean and error bars the standard deviation
of cell counts from triplicate measurements.

photon m−2 s−1 and 15◦C) and it is likely to change in the highly
dynamic fjords. Other aspect to take into account is that the
experiments were performed using strains previously acclimated
for several generations. Further studies should assess the effect of
drastic salinity changes on P. verruculosa growth.

In this study, we documented for the first time the cell
growth rates for a Chilean P. verruculosa strain. Maximum
growth rates that ranged between 0.88 to 1.44 days−1 were higher
compared to those observed by Skjelbred et al. (2013) for Danish
P. verruculosa strains (0.61 days−1) and lower than 1.74 days−1,
which was recorded for a Japanese strain (Yamaguchi et al.,
1997). The relative high µmax observed in our experiment
could be attributed to a high cell division rate but also to the
presence of multinucleated cell aggregations noted at the bottom
of our treatment flasks throughout and ∼15 days after the end
of the experiment. Similar in vitro cell aggregations have also
been observed in other P. verruculosa strains from the North
Sea and Japan (Tomas et al., 2004). It has been suggested that
these massive aggregations could act as resting stages when
conditions become unfavorable (Jakobsen et al., 2012; Chang
et al., 2014). Thus, in vitro growth rate values could be enhanced
by germling cell input from resting stages and also might point to
homothallism in our monoclonal ARC498 strain.

Lytic Activity of P. verruculosa
Species of the genus Pseudochattonella has been reported to
be highly ichthyotoxic with important economic losses for the
Chilean salmon industry since 2004 (Mardones et al., 2012).
Most examinations of affected salmon during natural fish-kill
events in Chile have shown noticeable edema, hyperplasia and

TABLE 1 | Growth parameters of Pseudochattonella verruculosa cultures
(mean ± SD) maximum cell density and µmax mean maximum specific growth rate
and under five different salinity treatments.

Treatment (salinity) Maximum cell density (cells ml−1) µmax (d−1)

15 269 ± 71 1.31

20 68750 ± 1963 1.44

25 74916 ± 3892 1.12

30 84333 ± 4833 0.88

35 49250 ± 4793 1.01

necrosis of secondary gill lamellae (C. Sandoval – VEHICE,
personal communication). Despite this, research on the toxic
compounds produced by this species is incipient and has proven
to be difficult.

The fish cell line RTgill-W1 assay has been widely used
to assess cell viability in ichthyotoxic-microalgal studies
(Dorantes-Aranda et al., 2015). In this work, we experimentally
demonstrated lytic activity of the Chilean P. verruculosa ARC498
strain toward the RTgill-W1 cells, although ecologically realistic
P. verruculosa bloom concentrations (10,000–100,000 cells
ml−1) exhibited only very limited loss of viability (down to max.
45% of controls). These results differ from field observations
in the Chilean bloom, where P. cf. verruculosa showed to be
extremely toxic at cell concentrations as low as 5 cells ml−1

(Mardones et al., 2012). Similarly, Montes et al. (2018), based
on Chilean phytoplankton data bases, estimated that <1 cell
ml−1 can be associated with anomalous salmon behavior
in the Patagonian fjords. Comparable to these observations
in the Chilean waters, only 10 cells ml−1 of P. verruculosa
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FIGURE 5 | Concentration-dependent toxicity (supernatant and lysed cells treatments) of the Pseudochattonella ARC498 strain at 1 (A,B) and 5 days of culture
harvest (C,D) (at 25 and 35 psu) to the cell line RTgill-W1. Symbols represent the mean and error bars the SD of cell viability from quadruplicate measurements.

were enough to cause mortality of salmon in New Zealand
(MacKenzie et al., 2011). There might be a few experimental
conditions that can explain our findings: (1) gill cells were
shortly exposed to P. verruculosa toxic compounds (1 h)
compared to other studies (Dorantes-Aranda et al., 2015;
Mardones et al., 2015). Mardones et al. (2015) showed that
some strains of the toxic dinoflagellate Alexandrium catenella
were able to reduce gill cell viability down to 20% of controls
at 4,000 cells ml−1 after 2 h exposure due to net K+ efflux
from fish gill cells (Mardones et al., 2018). Thus, an increment
in the time of exposure to P. verruculosa toxic compounds
is likely to produce a more severe gill tissue damage; (2) in
this study lytic compounds from P. verruculosa treatments
were tested against the gill cells at 1 and 5 days after their
extraction. This storage procedure showed that cytotoxic potency
rapidly vanished over a 5-day period. It is likely therefore that
P. verruculosa exudates could be more ichthyotoxic as soon as
they are released into the surrounding marine environment.
This early toxic effect was previously observed in in vitro
cytotoxic assays using algal extracts of Pseudochattonella species
(Skjelbred et al., 2011); (3) live cells are required to induce

a toxic effect on fish as suggested by Andersen et al. (2015);
and/or (4) the reduced cytotoxicity observed on gill cells
could be merely due to the fact that the ARC498 strain is not
highly toxic.

The ichthyotoxic mechanism in Pseudochattonella species is
elusive with the mode of action yet to be completely determined
(Eckford-Soper and Daugbjerg, 2016b). In this study, cytotoxicity
of lysed P. verruculosa cells did not show significant differences
to that of the supernatant. This suggests that the most lytic
portion is released into the cell-free media instead of remaining
cell bound. These results might lead to a future explanation of
the nature of the toxins produced by Pseudochattonella species
and their role in chemical ecology. Initial ideas focused on the
concept that phycotoxins acted as defensive chemicals against
competitors and predators (Smetacek, 2001). Modern studies
suggest that cell bound phycotoxins might play a different
ecological function compared to secondary toxic metabolites
that are release from the cell to the surrounding environment.
Excretion of a toxic compound by individual cells may aim to
cease grazing by a motile predator or produce an antibiotic
effect to reduce the colonization of microalgal cells by viruses
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or bacteria (Cembella, 2003). For instance, allelochemical
activity by the dinoflagellate Alexandrium tamarense against
the predatory dinoflagellate Oxyrrhis marina was shown to
be unrelated to paralytic shellfish toxins (PST) (Alpermann
et al., 2010). Similarly, Mardones et al. (2015, 2018) showed
that PST are not involved in fish gill damage, but rather
an alternative icthyotoxic mechanism was suggested based on
lipid peroxidation products due to a synergistic interaction
between Reactive Oxygen Species (ROS) and Polyunsaturated
Fatty Acids (PUFA). Interestingly, Pseudochattonella species
have shown high proportions of a rare PUFA C1s8:5n-3
and C16:1n5 and high ratios of docosahexaenoic acid (DHA)
to eicosapentaenoic acid (EPA) (Giner et al., 2008; Dittami
and Edvardsen, 2012). This rises a big question about the
potential involvement of a PUFA/ROS synergism in the potent
ichthyotoxicity observed for the Chilean P. verruculosa ARC498.
Key research on PUFAs cell content, as well as, ROS and other
active secondary metabolites production for Chilean strains
remain to be conducted.

Salinity had a significant effect on P. verruculosa ichthyotoxic
potency. Cultures at salinity 25 were more toxic than cultures at
35 psu. It was also observed that Pseudochattonella cells at salinity
25 were bigger and showed a higher presence of mucocysts
than cells grown at salinity 35. These mucocysts are present in
several species of raphidophytes that have been related to fish-
killing events, e.g., Heterosigma akashiwo (Twiner et al., 2005)
and Fibrocapsa japonica (Pezzolesi et al., 2010). This suggests the
putative involvement of mucocysts to induce a toxic effect on
fish gill tissue as suggested by Andersen et al. (2015). However,
no experiments to test cytotoxicity with whole cells of Chilean
Pseudochattonella have been performed yet.

Ecological Implications
In this study, changes in salinity were an important driver
for in vitro Pseudochattonella cell growth and ichthyotoxic
potency. The enhanced cell growth under moderate-high salinity
conditions (∼30) is in line with field observations during the
massive 2016 Pseudochattonella sp. outbreak. The strong El Niño
2015–2016 resulted in an extremely dry summer in the southeast
Pacific coast with a record low streamflow and higher than
normal solar radiation (León-Muñoz et al., 2018). These extreme
meteorological conditions allowed vertical advection of saline
and nutrient-rich waters (∼30 psu) that ultimately resulted in
an enhanced Pseudochattonella sp. bloom that reached peak cell
densities of ∼7,700 to 20,000 cells ml−1 (Clément et al., 2016;
León-Muñoz et al., 2018). Thus, the lower Pseudochattonella cell
concentrations recorded in the 2005, 2009, and 2011 outbreaks
could have been the result of highly stratified water columns
with higher freshwater inputs in the surface. However, those
low-cell density outbreaks produced substantial fish gill damage
with less than 20 cells ml−1, suggesting the important effect of
moderate-lower salinity on the enhanced ichthyotoxic potency
(∼20–25 psu).

Although the macro-scale El Niño 2015–2016 event produced
evident changes in the haline structure of the water column
in the Reloncaví Sound, it is important to highlight that
pCO2/pH and nutrient composition/availability, among other

variables, should also have been affected. Mardones et al. (2016)
showed that spatio-temporal pCO2/pH fluctuations in Chilean
fjords can strongly affect physiological responses in A. catenella.
Physiological changes such as reduced cell size and enhanced
chain formation at high pH/low pCO2 (i.e., phytoplankton bloom
conditions) were observed. On the other hand, the entry of
offshore waters rich in inorganic nutrients (i.e., NO3

−) vs. inland
waters, highly influenced by organic nutrients (i.e., NH4

+) due
to intense aquaculture, might have contributed to changes in
phytoplankton community composition by differences in NH4

+

and NO3
− taxon-specific metabolism. The role of these key

chemical variables in the bloom dynamics of Pseudochattonella
species should be pursued in future experiments.

Finally, the extremely high cell densities obtained in our
in vitro experiments (>80,000 cells ml−1) compared to field
counts, may reflect the difficulty in the Pseudochattonella sp. cell
identification using light microscopy. The complex life cycle of
Pseudochattonella species, that also includes very small flagellate
and large multinucleated stages (Chang et al., 2014; this study),
likely lead to misidentification and cell count sub-estimations of
the 2016 Pseudochattonella sp. outbreak. Therefore, the advent of
molecular approaches becomes an important tool for improving
the effectiveness of monitoring programs.

In conclusion, the present work has formally confirmed
the presence of P. verruculosa in Chilean waters, as well as,
showed the effect of salinity on cell growth and ichthyotoxic
potency. Overall, high growth rates observed at moderate-
high salinity might help to explain the massive outbreak
recorded in 2016. The increasing cytotoxicity by P. verruculosa
under low-salinity conditions may be important to understand
fish-killing properties of the Chilean strains since blooms of
this dictyochophyte occur in highly variable oceanographic
conditions, such as those occurring in the southern Chilean coast.
The role of mucocysts, as well as, production of PUFAs, ROS
and/or secondary metabolites that could explain ichthyotoxicity
by Chilean strains of P. verruculosa remain to be investigated.
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Ocean climate drivers and phytoplankton life strategies interact in a complex dynamic to
produce harmful algal blooms (HABs). This study aims to integrate historical biological
data collected during “red tide” events along the Ecuadorian coast between 1997 and
2017 in relation to five ocean variables derived from satellite remote sensing data to
explain the seasonal drivers of coastal processes associated with HABs dynamics.
Seasonality of the occurrence of HABs was assessed in relation to oceanographic
variables by applying multiple correspondence analysis (MCA) to the Ecuadorian central
coast (Zone 1) and at the outer and inner Gulf of Guayaquil (Zone 2). Sixty-seven
HABs events were registered between 1997 and 2017. From a total of 40 species
of phytoplankton identified, 28 were identified as non-toxic and the remaining 12
are well known to produce toxins. Dinoflagellates were the taxonomic group most
highly associated with potential HABs events along the entire Ecuadorian coast. HABs
appear to be constrained by the Humboldt coastal upwelling, high precipitation, and
associated coastal runoff, with higher biomass abundance in the Gulf of Guayaquil
than in the central coast. Results from the MCA reveal that in the central Ecuadorian
coast (oligotrophic system), toxic HABs occurred with low abundance of dinoflagellates,
while in the Gulf of Guayaquil (eutrophic system), toxic HABs corresponded to a high
abundance of dinoflagellates. In both cases, high values were found for sea surface
temperature, precipitation, and irradiance—characteristic of wet seasons or El Niño
years. Non-toxic HABs occurred with a high abundance of dinoflagellates, ciliates, and
centric diatoms, corresponding to colder waters and low levels of precipitation and
irradiance. These findings confirm that dinoflagellates display several strategies that
enhance their productive capacity when ocean conditions are warmer, allowing them to
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produce toxins at high or at low concentrations. Considering that the Gulf of Guayaquil
is essential to tourism, the shrimp industry, fisheries, and international shipping, these
findings strongly suggest the need to establish an ecosystem health research program
to monitor HABs and the development of a preventive policy for tourism and public
health in Ecuador.

Keywords: remote sensing, phytoplankton taxonomic groups (PTG), Gulf of Guayaquil, dinoflagellates, upwelling,
Humboldt Current

INTRODUCTION

For decades, global coastal waters have experienced events
known as “red tides” that are related to phytoplankton blooms,
micro-algal blooms, and toxic algal or potentially harmful algal
blooms (HABs) (Hallegraeff, 1993; Anderson, 2014; Anderson
et al., 2017). Blooms are described as occurrences of a high
biomass of plankton and benthic species, while HABs have
been broadly classified as potent natural toxin producers created
either by attaining high biomass levels or even through low
numbers of toxic species. HABs may take place when a group
of microalgae—photosynthetic cells found in the sea, brackish
water, and freshwater—grow to very high numbers, producing
toxic or harmful effects on shellfish, fish, marine mammals,
birds, and humans (Hallegraeff, 1993; Zingone and Enevoldsen,
2002; Fleming et al., 2006; Jiménez and Gualancañay, 2006;
Pitcher et al., 2017).

High-density algal blooms may cause anoxia to marine
life, killing it and blocking sunlight on the surface of the
water column. However, international research on HABs has
recognized that some species have toxic effects even at low
cells densities (Reguera et al., 2012; Anderson, 2014). The
reasons why an algal bloom becomes toxigenic, either at high
or low concentrations, is still not well understood. However,
oceanographic and climatic conditions play an important role
in HAB occurrence, which may be constrained by upwelling
systems and stratification of the water column provoked by
low wind stress and marine heat waves (Hallegraeff, 2010;
Díaz et al., 2013; Pitcher et al., 2017). HABs may also be
exacerbated by climatic variability, extreme events, like El
Niño–Southern Oscillation (ENSO) (Sellner et al., 2003), and
climate change due to a long-term increase in sea surface
temperatures (Wells et al., 2015; Miller et al., 2006; Pitcher
et al., 2017). In addition, anthropogenic nutrient loading from
agricultural and urban watersheds, ballast water discharges
from vessels, and nutrients released from mariculture activities,
among others, are factors that drive HABs in coastal waters
(Moore et al., 2008; Hallegraeff, 2010; Davidson et al., 2014;
Berdalet et al., 2016).

Currently, the development of ocean remote sensing-derived
data makes possible the exploration of the synoptic climatology
of regions, biogeography of the primary productivity and HABs
biomass, spring bloom growth, and even the identification of
species at a good scale of resolution in space and time (McClain
et al., 2004; Nair et al., 2008; Wei et al., 2008; McKibben
et al., 2015). Thus, HAB dynamics can be explained by using
in situ biological data and remote sensing observations of

oceanographic variables (Moisan et al., 2011; Anderson, 2014;
Blondeau-Patissier et al., 2014).

South America’s Ecuadorian coast of the eastern tropical
Pacific can be characterized by two biogeographical regions: the
northern coast, influenced by the warm Panama Current, and
the Gulf of Guayaquil, influenced by the Humboldt Current
(Cucalon, 1989; Longhurst, 2006). Both regions are heavily
affected by ENSO (Lee et al., 2014) and the eastern upwelling
system, and these oceanographic structures can modify the
ocean biogeochemistry periodically. All these oceanographic
characteristics may trigger the occurrence of HABs along the
Ecuadorian coast (Chavez et al., 2003; Pennington et al., 2006;
Trainer et al., 2010). Following the global trend, the coast
of Ecuador has experienced the occurrence of “red tides” for
decades. Ecuadorian researchers have recorded approximately
132 events since 1968, resulting in reports of fish, juvenile shrimp,
and shrimp larvae mortality (Torres, 2000, 2011, 2013, 2015,
2017; Torres and Tapia, 2002). Sixty-seven HABs events were
registered between 1997 and 2017.

Despite their negative impacts on coastal activities, attempts
to explain the oceanographic and climate drivers for the potential
development of HABs are limited (Jiménez and Intriago, 2001;
Jiménez and Gualancañay, 2006; Torres et al., 2017; Conde and
Prado, 2018; Conde et al., 2018). Unfortunately, at this time
there is no official HAB monitoring program for Ecuador that
can analyze which toxins are generated by the phytoplankton
species. Using a novel approach, this study intends to integrate
ocean features, derived from synoptic remote sensing, and
biological data, compiled from reports collected during “red
tide” events, to identify which oceanographic conditions lead to
the distribution and seasonal occurrence of HABs on the coast
of Ecuador.

MATERIALS AND METHODS

Study Area
The study area is situated along the center and south of the
Ecuadorian coast (South America) and was divided into two
zones (Figure 1): Zone 1, corresponding to the area situated
between the coastal localities of Manta (80.8◦W, 0.8◦S) and
La Libertad (81◦W, 2◦S); and Zone 2, which includes the
coastal area of the Gulf of Guayaquil (outer estuary) and the
Guayas River estuary (inner estuary). The Guayas River estuary
is connected to the El Morro and Jambelí channels and is
comprised of two main bodies of water: Estero Salado and
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FIGURE 1 | Study area. Zone 1 is situated between the coastal cities of Manta and La Libertad; Zone 2 is located around the outer and inner (Estero Salado and
Jambelí Channel) Gulf of Guayaquil estuary.

the Guayas River (Figure 1). Zone 1 is characterized mostly
by sandy beaches used for tourism, and it is the location of
important international cargo ports and fishery activities. Zone
2 includes the largest estuarine system on the South America
coast adjacent to the Pacific Ocean and is where the cities
of Guayaquil and Machala are located (Figure 1). The main
economic activities carried out in Zone 2 are connected to
shrimp farming, international cargo ports, and artisanal fisheries.
Climate seasonality of the Ecuadorian coast is characterized by
a wet season (December–May), with a unimodal peak of warm
temperatures (March–April), and a dry season (June–November)
characterized by the absence of rainfall and lower temperatures
than those experienced during the wet season (Cucalon, 1989;
Bendix et al., 2011).

Oceanographic and Atmospheric Data
Monthly averages of five variables recorded over the 1997–2017
period were derived from different satellite data compiled
at ∼4 km of spatial resolution around Zones 1 and 2 on
the Ecuadorian coast. Precipitation (PRE) was chosen as
an atmospheric variable associated with climate seasonality
(Nair et al., 2008; Shen et al., 2012) and therefore used as
a proxy for seasonal atmospheric processes. In addition,

seasonality of the region is strongly related to precipitation,
which is also disturbed by the occurrence of El Niño and
La Niña events in the equatorial eastern tropical Pacific
(Pennington et al., 2006). The other four variables were
oceanographic, representing select conditions of the ocean
at specific times and places. Sea surface temperature (SST)
is related to cold nutrient-rich currents and upwelling or
with nutrient-poor warm currents (Pennington et al., 2006;
Wei et al., 2008; Mélin and Hoepffner, 2011). Chlorophyll a
(chl-a) was used as a proxy for phytoplankton abundance.
Absorption due to phytoplankton at 443 nm (aph) represents
the band of chlorophyll associated with the HABs peaks
(Shen et al., 2012). Photosynthetically active radiation
(PAR) was chosen as an indicator of the amount of light
available for photosynthesis (Shi et al., 2014). Previously,
SST and PRE have been related to the oceanographic and
atmospheric processes of HABs, respectively (Wei et al.,
2008). Satellite images were collected in NetCDF format
and converted to GeoTiff files for the analyses using R
software (version 3.5.0). Several satellites and sensors were
used throughout the period of analysis (Table 1). Each
variable was standardized with the respective global mean and
standard deviation.
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TABLE 1 | Description of oceanographic (SST, aph, chl-a, PAR) and atmospheric (PRE) variables from remote sensors.

Data (units) Abbreviation Satellite (sensor) Temporal range Source

Sea surface temperature (◦C) SST Pathfinder Monthly mean from September 1997 to
December 2000

Casey et al., 2010

GOES Monthly mean from January 2001 to
December 2016

NOAA NESDIS COASTWATCH and NOAA
SWFSC ERD, 2018

Absorption due to
phytoplankton at 443 nm (m−1)

aph SeaWiFS Monthly mean from September 1997 to
January 2000

NASA Ocean Biology Processing Group, 2018c

Terra MODIS February 2000–December 2016 NASA Ocean Biology Processing Group, 2018a

Precipitation (mm) PRE Persiann January 1997–August 2016 Sorooshian et al., 2014

Chlorophyll a (mg/m3) chl-a Orbview-2 SeaWiFS September 1997–December 2002 NASA Ocean Biology Processing Group, 2018d

Aqua MODIS January 2003–December 2016 NASA Ocean Biology Processing Group, 2017

Photosynthetically active
radiation (Einstein/m2/day)

PAR SeaWiFS September 1997–January 2000 NASA Ocean Biology Processing Group, 2018e

Terra MODIS February 2000–December 2016 NASA Ocean Biology Processing Group, 2018b

Phytoplankton Data
Phytoplankton data were compiled from 67 algal bloom events
reported from 1997 to 2017 in the literature generated by the
Ecuadorian Navy Army Oceanographic Institute (INOCAR), the
National Institute of Fisheries, and reports from shrimp hatchery
producers. Most of these data are included in the periodical
research publications of INOCAR1. According to these reports,
samples were collected from the sea surface. Data included
taxa identification, abundance, location, and an observational
description. This study also includes 8 unpublished reports from
INOCAR and other researchers, increasing the original number
of 59 registered events to 67 events in total. More detailed
information on each event can be found in the publications and
reports referenced in Table 2.

Some phytoplankton names have been updated according to
the records in the World Register of Marine Species (WoRMS2).
For the biological analysis performed in INOCAR, samples (a
minimal volume of 250 mL of surface water) were collected from
the “red tide” events and immediately transported to INOCAR’s
laboratories. All surface samples were fixed with Lugol solution
until they changed to a light brown color (8–10 drops). The
quantitative analysis was carried out using the Utermohl method
described in Reguera et al. (2012) and adapted by Torres (2017).
Samples were briefly homogenized and placed in a sedimentation
chamber (25 mL) for 24 h.

Phytoplankton identification and abundance was assembled
up to the genus or species level according to Jiménez (1983);
Pesantes (1983), Balech (1988); Taylor et al. (1995), and Reguera
et al. (2012) using a Leica (DMIL) inverted microscope. Cell
abundance estimations were performed in horizontal transects of
the chamber at 400× magnification, with a 15% error margin.
Data were converted into cells L−1. These data were further
assembled in four phytoplankton taxonomic groups (PTG):
dinoflagellates (DINO), centric diatoms (CDIAT), pennate
diatoms (PDIAT), and ciliates (CILI), based on the GEOHAB
criterion (WoRMS3; Pitcher et al., 2017). The species were

1http://www.inocar.mil.ec
2http://www.marinespecies.org/
3http://www.marinespecies.org/

categorized as toxic (TOX) or non-toxic (NOC) using the List of
Harmful Microalgae (Moestrup et al., 2009).

Data Analysis
Each of four phytoplankton taxonomic groups, as well as the
five remote sensing variables, were transformed into categorical
variables (two categories: low and high) using the median
as a cut-off. In addition, two categorical variables were also
included: type of HAB event and season (identifying whether
the event occurred during the wet or dry season) (Vila and
Masó, 2005). All categorical variables were used for multi-
correspondence analysis (MCA) for Zones 1 and 2. This
analysis allowed for an investigation of the PTG patterns
associated with the oceanographic and atmospheric variables in
each zone.

RESULTS

Oceanographic Characteristics
Associated With Potential HABs Using
Remote Sensing Data
In Zone 1, chlorophyll a showed a unimodal peak at the end
of the wet season, in April–May (∼1.5 mg m−3), whereas a
peak in April (∼5.0 mg m−3) and a lower sustained value
(3.0 mg m−3) in September, during the dry season, were observed
in Zone 2 (Figures 2A,B). The levels of chlorophyll a were
higher in Zone 2 (2.5–5.0 mg m−3) when compared to Zone 1
(0.5–1.5 mg m−3).

A similar pattern was observed in the sea surface temperature
(SST) monthly average in both zones, with a peak of 25–26◦C in
February, during the wet season, and lower values of 22.5–23◦C
in September (Figures 2C,D). Absorption due to phytoplankton
at 443 nm (aph) showed a unimodal pattern, with high values in
Zone 1 (peak in April; 0.05 m−1) and the highest value in Zone 2
(April–May; 0.15 m−1) (Figures 2E,F). Photosynthetically active
radiation (PAR) presented a bimodal pattern in both zones. Zone
1 saw a maximum value in April (48 Einstein m−2 day−1)
and a lower peak in September (30 Einstein m−2 day−1). In
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FIGURE 2 | Panel diagram of the monthly means of the remote sensing data of oceanographic variables: (A,B) sea surface temperature (SST); (C,D) chlorophyll a
(chl-a); (E,F) absorption due to phytoplankton at 443 nm (aph); (G,H) photosynthetically active radiation (PAR) and atmospheric variable; (I,J) precipitation (PRE) for
Zones 1 and 2 on the Ecuadorian coast (1997–2017). Seasonal pattern and inter-annual variability are shown with the blue line and the colored dots, respectively.
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FIGURE 3 | Spatial distribution of occurrences of phytoplankton taxonomic groups (PTGs: ciliates, centric diatoms, pennate diatoms and dinoflagellates) along the
Ecuadorian coast during (A) the dry season—occurrences of PTGs and (B) the wet season—occurrences of PTGs in Zones 1 and 2 of the study area. Background
colors show the seasonal mean of chlorophyll a for the dry and wet seasons.
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Zone 2, the maximum average value was registered in March
(48 Einstein m−2 day−1) and a second peak in September (32
Einstein m−2 day−1) (Figures 2G,H). Precipitation showed a
similar pattern for both zones, with an average peak in the
wet season (March) both for Zone 1 (∼200 mm) and Zone 2
(180 mm) (Figures 2I,J).

Distribution and Seasonality of HAB and
Phytoplankton Taxonomic Groups
A detailed checklist of the four PTGs is presented in Table 2 and
includes 40 species, 67 HAB occurrences, maximum abundance
levels according to category in log (log base 10) of cells L−1,
HAB category (NOC or TOX), season (dry and wet), and the
respective toxicity and reporting references (See Suplementary
Tables S1, S2).

Harmful algal blooms showed strong seasonal characteristics:
(a) there were 46 registered occurrences of PTG in Zone 2 during
the dry season (Figure 3A; there were no data for Zone 1; see
section “Materials and Methods”); and b) 48 (Zone 1) and 40
(Zone 2) PTG occurrences during the wet season (Figure 3B).
Regarding the spatial distribution during the dry season, the chl-
a ranged from ∼1–1.5 mg m−3 in Zone 1 (from Manta to La
Libertad) to ∼2–3 mg m−3 in Zone 2 at the Gulf of Guayaquil,
and it varied along with the clusters of PTG (Figure 3A). On
the other hand, during the wet season, most of the PTG were
DINO, both in Zones 1 and 2. In particular, PTGs coincided

with higher chl-a (3–5 mg m−3) in Zone 2 at the Jambelí
Channel (Figure 3B).

During the dry season, in Zone 2, DINO were the most
common PTG (72% of occurrences), followed by CDIAT (13%),
PDIAT (4%), and CILI (11%) (Figure 4). On the other hand,
during the wet season, in both zones DINO reached ∼70%, while
CDIAT comprised only 10% in Zone 1 and 18% in Zone 2. PDIAT
amounted to 13% in Zone 2 and 19% was CILI, but only in
Zone 1 (Figure 4).

Regarding the abundance of PTG, dinoflagellates presented
great variability in their abundance, ranging from 3.4 to 7.8 log
of cells L−1 during both the dry and wet seasons, reaching a
maximum in Zone 2 of the Gulf of Guayaquil. Centric diatoms
were higher during the dry season (5.2–6.7 log of cells L−1)
than in the wet season (4.3–6 log of cells L−1), reaching a
maximum in Zone 2. Pennate diatoms were reported only 4 times
in 20 years of data, with a maximum concentration of 6.7 log of
cells L−1 (Figure 5).

Harmful Algal Bloom Species Assembled
Along the Ecuadorian Coast
Harmful algal blooms reports from 1997 to 2017 determined
a total of 40 species of phytoplankton: 28 were identified as
non-toxic, whereas the other 12 are well known to produce
toxins (Table 2). The most recurrent genera were Gymnodinium
(21 occurrences) and Prorocentrum (10). Other observed genera

FIGURE 4 | Occurrences of phytoplankton taxonomic groups (PTGs) in Zones 1 and 2 of the study area during the dry and wet seasons. For the period 1997–2017,
a total of 46 PTG occurrences with 25 species were reported in the dry season in Zone 2, 48 PTG occurrences with 25 species were reported in Zone 1, and 40
PTG occurrences and 22 species were reported in Zone 2 in the wet season.
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FIGURE 5 | Seasonal abundance of phytoplankton taxonomic groups during HABs events in Zones 1 and 2 of the study area.

were Karenia (4), Dinophysis (3), and Pseudo-nitzschia (1).
Gymnodinium catenatum (5 occurrences) was observed in the
years 2000, 2004, 2008, and 2014 in several locations in Zone
1 and in the Jambeli Channel in Zone 2, with a maximum
abundance of 6.05 log of cells L−1. Prorocentrum cordatum (4
occurrences) was observed in 2003 and 2004 in the Jambelí
Channel and Estero Salado in Zone 2, but unfortunately
without abundantly available data. Prorocentrum mexicanum (2
occurrences) with a maximum abundance of 3.4 log of cells
L−1 in 2009 and 2016 was reported in Manta in Zone 1 and in
Puerto Bolivar and the Jambelí Channel in Zone 2. Prorocentrum
micans (4 occurrences), with a maximum abundance of 3.4 log
of cells L−1, was reported in Manta in Zone 1 and in Isla Santa
Clara, Puerto Bolivar, in Zone 2. Microphotographs of Lugol-
preserved colonies of Gymnodinium catenatum are shown in
Figures 6A,B. This sample was found in San Pedro (Zone 1)
in March 2018. A potentially harmful, non-toxic Cochlodinium
catenatum, a synonym of Margalefidinium catenatum, is shown
in Figure 6C. This sample was found in La Libertad in March
2018. However, the HAB-forming dinoflagellate Cochlodinium
catenatum needs further samplings/taxonomic studies to ensure
a precise identification.

Other groups of 28 species were categorized as non-
toxic algal blooms in order of occurrence: 16 taxa of
dinoflagellates, including Noctiluca scintillans, Gyrodinium spp.,
Levanderina fissa, Tripos dens, and Tripos furca, six centric
diatoms, including Skeletonema costatum, Thalassiosira spp.,
and Chaetoceros affinis, four pennate diatoms, including

Asterionella frauenfeldii, Thalassionema nitzschioides, Nitzschia
longissima, and Navicula spp., and just one ciliate—Mesodinium
rubrum (Table 2). The highest NOC species abundance was
represented by Gyrodinium spp., attaining 7.75 log of cells
L−1, found in Estero Salado (Zone 2) during 1999’s wet
season. The highest abundance of Mesodinium rubrum was
7.06 log of cells L−1, found in Jambeli Channel (Zone
2) during the 2007 dry season. A greater variability in
abundance was observed during the wet season for most
of the PTG.

Multi-Correspondence Analysis of PTG
and Remote Sensing Data
In Zone 1 (Figure 7), the occurrence of toxic HABs corresponded
to low abundances of DINO and CDIAT. These biological
features seem to be associated with high values of SST, PRE,
and PAR and to low chl-a and aph values (443 nm). All these
environmental features characterized the wet season (Figure 7).
Conversely, non-toxic HABs corresponded to a high abundance
of DINO and CILI and to low SST and PRE, but with high
aph (Figure 7).

During the wet season in Zone 2 (Figure 8), TOX events
corresponded to high biomass levels of DINO, coupled with
high SST, PAR, and PRE. However, during the dry season,
low PRE and PAR and colder waters were linked to a high
abundance of CDIAT. These features are simultaneously related
to NOC species.

Frontiers in Marine Science | www.frontiersin.org 11 February 2019 | Volume 6 | Article 13207

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00013 February 15, 2019 Time: 19:40 # 12

Borbor-Cordova et al. Harmful Algal Blooms on the Ecuadorian Coast

FIGURE 6 | Microphotographs of Lugol-preserved colonies associated with
toxic or non-toxic species collected on the Ecuadorian coast: (A,B)
Gymnodinium catenatum (Graham, 1943) found in San Pedro (Zone 1) in
2018. This taxon is associated with a paralytic toxin; (C) Cochlodinium
catenatum (Schütt, 1896), found in La Libertad in Zone 1 in March 2018.

DISCUSSION

Oceanography of HABs and Remote
Sensing Data
This study confirms that HAB dynamics in the Ecuadorian
coastal zone seem to be constrained by the Humboldt upwelling

system, high precipitation, and terrestrial nutrients from the
Guayas Basin, aligning with other HAB studies in coastal
ecosystems and upwelling zones (Kudela et al., 2005; Vila and
Masó, 2005; Borbor-Cordova et al., 2006; Anderson et al., 2017;
Conde et al., 2018; Oyarzún and Brierley, 2018). In addition,
high sea surface temperature during ENSO and ocean heat
waves seem to affect all the aforementioned drivers, along with
the adaptive strategies of the phytoplankton species and their
community assemblage (Masó and Garcés, 2006; Anderson, 2014;
Anderson et al., 2017).

The findings of this study reveal that a higher biomass of
HABs was found in Zone 2 than in Zone 1 when considering
eutrophic and oligotrophic systems, respectively, based on chl-
a concentration. Dinoflagellates were the taxonomic group most
highly associated with HABs all along the Ecuadorian coast.
An interesting finding is that toxic species of DINO appeared
either at low or high levels of abundance in Zone 1 or Zone 2,
respectively, mostly during the wet season.

These results agree with the findings presented in previous
research, demonstrating that dinoflagellate species that form
blooms utilize diverse ecological strategies as colonists and
r-strategists in nutrient-rich, disturbed environments, or are
nutrient stress tolerant in oligotrophic systems (Smayda and
Reynolds, 2003; Smayda and Trainer, 2010). Dinoflagellates use
a C-strategy (as colonists) to adapt, reaching high levels of
biomass and becoming potentially toxic species in nutrient-
enriched, high irradiance, estuarine habitats, such as that found
in Zone 2. Whereas in the oligotrophic Zone 1, with its highly
stratified and high irradiance conditions, a nutrient stress-
tolerant ensemble of dinoflagellate species occurred at very low
biomass levels (Smayda and Reynolds, 2003; Suparna, 2005;
Smayda and Trainer, 2010; Corcoran et al., 2014). For instance,
Gymnodinium catenatum and Karenia brevis, considered toxic
species, were found at high levels of abundance in Zone 2,
mostly in the wet season, while Prorocentrum micans and
Prorocentrum mexicanum were reported at low concentrations in
the oligotrophic Zone 1, but also in Zone 2, in the wet season.

Considering the bloom behavior of diatoms, previous research
found that they occur in coastal and upwelling zones and are
annually recurrent and prolonged in duration, with high species
diversity (Smayda and Reynolds, 2003). In our work, annual
periodicity and high diversity were not evident, with only 7–
5 occurrences of CDIAT (6 species) and PDIAT (5 species),
respectively, mostly in the Jambeli Channel in Zone 2. Non-
toxic HABs occurred with high abundance values of DINO, CILI,
and CDIAT and were mostly associated with the cold water
from the upwelling system, low precipitation, and irradiance,
both in Zones 1 and 2 in environmental conditions more related
to the dry season. This work suggests that there is a higher
risk of HABs in the Gulf of Guayaquil, at the entrance of the
Guayas Estuary (dry season), in the Jambeli Channel and Estero
Salado (wet season), and in La Libertad and Manta in the dry
season (Figures 2A,B).

However, the question remains as to the biological drivers
of the presence of potentially toxic or non-toxic HABs on the
Ecuadorian coast (in the eastern Pacific Ocean). It is known
that species-specific adaptive strategies within the phytoplankton
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FIGURE 7 | In Zone 1, occurrences of toxic HABs (TOX) linked to low concentrations of dinoflagellates (DINO) and centric diatoms (CDIAT) are associated with high
levels of sea surface temperature (SST), precipitation (PRE), and photosynthetic active radiation (PAR) as well as low levels of absorption coefficient of phytoplankton
at 443 nm (aph) and chlorophyll a (chl-a) appearing during the wet season. Events of non-toxic HABs (NOC) appearing with high concentrations of DINO and ciliates
(CILI) are associated with low levels of SST and PRE, accompanied by high values of aph.

community enable adaption to specific habitats and climate
conditions (e.g., ENSO) (Prado et al., 2015). Adaptive and
behavioral adaptation strategies of HABs may include mobility
behavior, such as vertical migration, swimming patterns, photo-
taxis, and life cycle strategies as resting cysts, and phytoplankton
development phases (Masó and Garcés, 2006; Anderson, 2014;
Anderson et al., 2017). Future research on these aspects of the
adaptive strategies of HABs are necessary for the region.

On the other hand, this study suggests that upwelling systems
are related to HABs in the Gulf of Guayaquil. The Humboldt
upwelling system is considered to be one of the most productive
systems globally (Daneri et al., 2000; Taylor, 2008; Oyarzún and
Brierley, 2018). Research groups, such as GEOHAB (Hallegraeff,
2004), have highlighted the potential impacts of HABs on
upwelling systems in the context of climate change (Kudela et al.,
2005; Edwards et al., 2006; Wei et al., 2008; Trainer et al., 2010;
Díaz et al., 2016; Pitcher et al., 2017). In the case of Ecuador
and Peru, the Humboldt upwelling system is the foundation of
both countries’ fishery productivity and the economic benefits of
the fishery industry, which can be impacted by emergent HABs

(Pennington et al., 2006; Trainer et al., 2010). Considering that
there are limited studies on the upwelling systems in the Gulf of
Guayaquil region (Oyarzún and Brierley, 2018), understanding
these dynamics is critical to assess the future impacts of a
changing climate in this very productive ecosystem.

Harmful Algal Blooms and Human Health
Emergent issues concerning upwelling systems and HABs relate
to the occurrence of phytoplankton species able to produce
phycotoxins and jeopardize human health through paralytic
shellfish poisoning, diarrhetic shellfish poisoning, and amnesic
shellfish poisoning, as well as other harmful non-toxic blooms
resulting in hypoxic and anoxic environments with potentially
high negative impacts on fishery resources (Trainer et al., 2010;
Pitcher et al., 2017). Phycotoxins can be transferred to human
beings through the ingestion of contaminated seafood, thereby
posing a potential risk to human health (Fleming et al., 2001;
Alonso-Rodríguez and Páez-Osuna, 2003; Backer et al., 2003;
Berdalet et al., 2016). Since the Gulf of Guayaquil and Zone 1 are
very important for tourism activities, and are particularly known
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FIGURE 8 | In Zone 2, occurrences of toxic HABs (TOX) are associated with high levels of sea surface temperature (SST), photosynthetic active radiation (PAR), and
precipitation (PRE), accompanied by high concentrations of dinoflagellates during the wet season. Events of non-toxic HABs (NOC) seem to be associated with low
levels of SST, PRE and PAR and high levels of centric diatoms during the dry season.

for their seafood, a HABs monitoring program, by research and
academic institutions, and a preventive policy to protect tourism
and public health should be developed as a priority.

A recent study on the risk perceptions of coastal managers,
public health officers, and coastal communities in Ecuador
revealed that there is limited knowledge of the health impacts
of “red tides” and HABs (Borbor-Cordova et al., 2018). While
there have not been any reports of human beings affected by
HAB toxins in Ecuador to date, this may be explained by the
lack of awareness of the syndromes they cause (Borbor-Cordova
et al., 2018). Gymnodinium catenatum, Prorocentrum cordatum,
Prorocentrum mexicanum, Prorocentrum micans, Karenia brevis,
Alexandrium spp., Dinophysis caudata, and Pseudo-nitzschia
spp. are species found along the Ecuadorian coast that are
associated with syndromes related to seafood toxicity. The
toxins associated with algal blooms and affected seafood for
the aforementioned species are described in Supplementary
Table S3. The main vectors of algal toxins to humans are
filter-feeding bivalve mollusks and finfish that ingest toxic
algae. The main shellfish toxic syndromes include: paralytic
shellfish poisoning, associated with Gymnodinium catenatum,
diarrhetic shellfish poisoning, associated with Dinophysis spp.
and Prorocentrum spp., neurotoxic shellfish poisoning, associated
with Karenia brevis, and amnesic shellfish poisoning, linked to
Pseudo-nitzschia (Supplementary Table S3). Symptoms depend
upon the toxin and can be temporary, chronic, or even lethal

(Backer et al., 2003, 2005). A main limitation of this study is that
no analysis of toxins was done during the HABs events, thus an
important further step would be to implement a toxins analysis
in Ecuador.

Finally, HAB research has shown that exotic species of
dinoflagellates can be introduced into the environment through
ballast water from shipping (Barry et al., 2008). The intense
harbor activities carried out within the Gulf of Guayaquil,
with its high volume of international traffic, makes it a site of
great risk for the introduction of exotic harmful microalgae,
which is therefore another important reason to develop a HABs
monitoring program in Ecuador.

Management Implications for Monitoring
Ecosystem Health on the Ecuadorian
Coast
The findings of this study raise many questions about high
levels of productivity and HABs, upwelling conditions and their
interaction with extreme events, such as El Niño or La Niña,
and the associated impact on human health on the Ecuadorian
coast. There are many knowledge gaps in terms of how climate
ocean drivers, vertical patterns of mixing and stratification, and
upwelling nutrients trigger high levels of productivity, as well as
HABs. Thus, this study recommends the design of an integrated
ecosystem health research program for the Gulf of Guayaquil
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and the central Ecuadorian coast. This program would attempt
to increase knowledge of the drivers of algal growth, analyze
the effects of extreme climatic events and upwelling systems on
phytoplankton communities, monitor eutrophication indicators,
and identify toxins (Hallegraeff, 2010; Anderson et al., 2017).
The program would also develop an early warning system for
potentially toxic algal blooms and introduced HAB species.
Such an ecosystem health research program would be based on
a collaborative framework of stakeholders from the scientific
community, public health institutions, and marine resources
management organizations, such as scientific institutions, health
promoters, residents, and the tourism industry—whoever is
interested in participating in citizen science (Fleming et al., 2006;
Anderson, 2014). Finally, considering the intrinsic relationship
between ocean and human health in relation to HABs, it is
important to develop policies related to seafood safety, sanitary
controls of shellfish, and deploy a fully equipped monitoring
system for a biotoxin analysis program in Ecuador.

FINAL CONSIDERATIONS

Using remote sensing information combined with in situ
historical data might help increase understanding of the drivers
of high biomass phytoplankton within Ecuadorian coastal sites
and indicate when those high biomass events might become
toxic, harmful algal blooms. In situ sampling is critical to
determine the composition and distribution of phytoplankton
taxonomic groups and biotoxins, thus an integrated ecosystem
health research program to monitor HABs in the Gulf of
Guayaquil needs be developed and implemented in the near
future. Upwelling studies linked to the ecology of the HABs in

the Gulf of Guayaquil and the Humboldt Current are critical to
maintaining the productivity of the coastal zone and managing
its estuarine resources.
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In this review we summarize the current state of knowledge regarding taxonomy,

bloom dynamics, toxicity, autoecology, and trophic interactions, of saxitoxin producing

dinoflagellates in this region. The dinoflagellates Gymnodinium catenatum, Pyrodinium

bahamense and several species of Alexandrium are saxitoxin producers, and have been

responsible of paralytic shellfish poisoning in different regions of Latin America, causing

intoxications and important fisheries losses. The species distribution differ; most harmful

algal blooms of G. catenatum are from the northern region, however this species has

also been reported in central and southern regions. Blooms of P. bahamense are mostly

reported in North and Central America, while blooms of Alexandrium species are more

common in South America, however this genus is widely spread in Latin America.

Species and regional differences are contrasted, with the aim to contribute to future

guidelines for an international scientific approach for research and monitoring activities

that are needed to increase our understanding of paralytic toxin producing dinoflagellates

in this region.

Keywords: Alexandrium, dinoflagellates, Gymnodinium catenatum, Latin America, paralytic toxins, Pyrodinium

bahamense, review, strains

INTRODUCTION

Neurotoxic paralytic shellfish toxins (PSTs) are produced in the marine environment mainly by
dinoflagellates of three genera associated with harmful algal blooms (HABs). These include about a
dozen species ofAlexandrium, a single species ofGymnodinium (G. catenatum) and a single species
of Pyrodinium (P. bahamense).

PSTs molecules comprise saxitoxin (STX) and over 57 analogs have been described (Wiese et al.,
2010) that vary in toxicity, being the carbamoyl [STX, neosaxitoxin (NEO), gonyautoxins (GTX)]
the most potent, followed by decarbamoyl (dcSTX, dcNEO, dcGTX) and the deoxydecarbamoyl
analogs (doSTX, doGTX2, doGTX3). The least toxic analogs are the N-sulfocarbamoyl (B and C
toxins). Only G. catenatum produces benzoyl analogs (GC), and out of 18 theoretical toxins (Negri
et al., 2003a, 2007; Vale, 2008, 2010), 15 benzoyl analogs have been confirmed (Durán-Riveroll et al.,
2017) (Figure 1).
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Consumption of PSTs-contaminated seafood results in a
variety of gastro-intestinal and neurologic symptoms known as
paralytic shellfish poisoning (PSP) that depend on the toxin
concentration and can lead, in extreme cases, to human death.
PSTs are usually transferred to humans by the consumption of
mollusks such as clams, oysters, and mussels; other toxin vectors
that have been reported are gastropods, crustaceans and fish
(Llewellyn et al., 2006; Deeds et al., 2008; McLeod et al., 2017).
These toxins act at the nervous system level by blocking the
voltage-gated sodium channels (NaV) in mammals (Llewellyn,
2006). They can also bind to voltage-gated calcium (CaV) (Su
et al., 2004) and potassium (KV) channels (Wang et al., 2003).
In the case of GC analogs, their binding to NaV channels has
only been demonstrated by in silico analyses (Durán-Riveroll
et al., 2016). PSTs have been related to the death and intoxication
of diverse organisms such as shrimp, fish, sea birds, turtles,
and whales; however, the knowledge of toxin action in marine
organisms is still scarce (Pérez-Linares et al., 2008; Núñez-
Vázquez et al., 2011; Costa et al., 2012).

In Latin America (LAm),∼1,410 people have been intoxicated
(94 fatalities) by PSP from 1970 to 2016 (Table 1). Pyrodinium
bahamense has caused the highest number of intoxications
(819 cases), followed by Alexandrium spp. (350 cases), and
G. catenatum (241 cases). In the genus Alexandrium the
highest mortalities have been caused by A. catenella (Lagos,
2003), causing 10M USD losses in salmon industry (Mardones
et al., 2015). In spite that intoxications and economic losses
due to PSP are becoming an important public concern, few
Latin American countries have established and/or maintained
monitoring programs.

In this review, we summarize the current state of knowledge
regarding PSTs producing dinoflagellates in LAm, contrasting
the regional differences with the aim to contribute to future
guidelines for an international scientific approach for research
and monitoring activities that are needed to increase our
understanding of PSP events in this region.

Gymnodinium catenatum

Gymnodinium catenatum is the only gymnodinioid known to
produce PSTs. The first description of the species was in the
northern region of the Gulf of California (GOLCA) in 1939
(Graham, 1943). Forty years later, in 1979, the first PSP related
to this species in LAm was reported along the coasts of Sinaloa,
Mexico, during an upwelling event, causing an extensive fish
kill (∼200 km), 19 human intoxications and 3 fatalities (de la
Garza-Aguilar, 1983; Mee et al., 1986).

Although it was rarely observed after being described, from
the decade of 1970 on, blooms have been reported and associated
with human poisonings and fatalities in several countries
(de la Garza-Aguilar, 1983; Hallegraeff et al., 2012; Cembella
and Band-Schmidt, 2018). An apparent increase in frequency,
duration, and distribution of blooms are probably related to
anthropogenic activities (Hallegraeff, 1993, 1995; Hallegraeff
et al., 2012). To date, it has been reported in nine countries of
LAm (Figure 2). In Mexican coasts there have been numerous

reports since 1990 (Band-Schmidt et al., 2010; Gárate-Lizárraga
et al., 2016; Medina-Elizalde et al., 2018), associated with human
intoxications and death of marine organisms (de la Garza-
Aguilar, 1983; Mee et al., 1986; Núñez-Vázquez et al., 2011,
2016). HABs of this species have resulted in 241 cases of
PSP (14 fatalities) in Mexico and Venezuela (Table 1), and
epizootic diseases with mass mortalities of fish, seabirds, and
marine mammals. Losses in shrimp cultures have also been
reported. Also, prolonged sanitary closures by contamination
with PSTs in shellfish, have affected commercialization, causing
un-estimated but significant economic losses due to the
closure of important shellfish fisheries in the upper GOLCA
(García-Mendoza et al., 2016).

Gymnodinium catenatum Bloom Dynamics
Mexico
One of the most recent and lengthy HABs of this species
occurred in the northern part of the GOLCA with maximum
abundances of 152 × 103 cell L−1 (Medina-Elizalde et al., 2018).
This bloom lasted from January to March in 2015, affecting a
large number of seabirds, mammals and people (García-Mendoza
et al., 2016). In Bahía Concepción (BACO), G. catenatum is
often present without forming blooms and is more abundant
during hydrographic transitional periods during spring and
early fall (Morquecho and Lechuga-Devéze, 2004). BACO is
one of the few bays where studies on cyst dynamics have been
realized, cyst yields are low, but seem to be a constant inoculum
that sustains the population for long periods (Morquecho and
Lechuga-Devéze, 2004).

In Bahía de La Paz (BAPAZ), in the south of the California
Peninsula, SW GOLCA, there is only one report of a HAB
in February/March 2007, with abundances from 6 × 105

to 2.4 × 106 cell L−1, an average sea surface temperature
(SST) of 20.9 ± 0.7◦C and low nitrate (1.0 ± 0.3µM)
and phosphate (0.8 ± 0.8µM) concentrations (Hernández-
Sandoval et al., 2009). In the same bay, in 2010, this
dinoflagellate was reported in low abundances (21× 103 cell L−1)
(Muciño-Márquez, 2010).

On the NE GOLCA, in Bahía Bacochibampo, Sonora, a 24-
year study was performed on HABs (1970–1994), recording
43 events, where one of the main species was G. catenatum
(Manrique and Molina, 1997); this led to conclude that NW
winds during colder months promoted blooms. They also
agreed with Cortés-Altamirano (1987) that HABs had an inverse
relationship with El Niño. Unfortunately, this is the only study
for this region.

In April 1979 a HAB was reported in Bahía de Mazatlán
(BAMAZ), Mexico, (SE GOLCA) with high abundances (6.6
× 106 cell L−1) (Mee et al., 1986). A thermal gradient
up to 5◦C was registered between 0 and 10m, associating
the bloom with an upwelling event. From 1979 to 1985,
several HABs occurred in this bay, being this species one
of the most frequently reported (Morey-Gaines, 1982; Cortés-
Altamirano, 1987). In 1997, it was concluded that blooms in
this region were inhibited due to the influence of El Niño,
that attenuated the upwelling of deep nutrient rich waters
(Cortés-Altamirano, 2002).
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FIGURE 1 | Paralytic shellfish toxins produced by dinoflagellates. Benzoyl toxins are only produced by Gymnodinium catenatum. (Modified from Durán-Riveroll and

Cembella, 2017).
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TABLE 1 | Paralytic shellfish poisoning impacts in Latin America.

Dinoflagellate Locality/date Impacts References

Alexandrium spp. Argentina/1980, 1993 Public health: 2 intoxicated (2 deaths) Vinuesa, 1993; Vinuesa and Labal, 1996; Montoya and

Carreto, 2007; Carreto et al., 1998b; Montoya et al.,

1998; Ferrari, 2001; Sunesen et al., 2014.Epizootic: fish and bird mass mortality

Chile/1972–1998, 2002, 2005,

2006, 2009, 2016

Public health: 348 intoxicated (27 deaths) Fuentealba et al., 1981; Montebruno, 1993; Lagos,

1998; Suárez-Isla and Guzmán-Méndez, 1998; Carvajal,

2002 in FAO (2004); Guzmán et al., 2002; García et al.,

2004; Hernández et al., 2016.

Epizootic: fish cultured mass mortality.

Probably related to marine mammals

mass mortality

Fuentes et al., 2008; Mardones et al., 2015;

Häussermann et al., 2017; Montes et al., 2018.

Gymnodinium catenatum Mexico/1979, 1988, 2015 Public health: 37 intoxicated (3 deaths) de la Garza-Aguilar, 1983; Mee et al., 1986;

Cortés-Altamirano and Núñez-Pasten, 1992;

Band-Schmidt et al., 2010, 2011; Núñez-Vázquez et al.,

2011, 2016; Bustillos-Guzmán et al., 2016;

García-Mendoza et al., 2016.

Epizootic: wild fish, shrimp (adult and

larvae cultured), bird and marine mammals

mass mortality

Mee et al., 1986; Cortés-Altamirano and Núñez-Pasten,

1992; Alonso-Rodríguez and Páez-Osuna, 2003;

Alonso-Rodríguez et al., 2004a,b; Band-Schmidt et al.,

2010, 2011; Núñez-Vázquez et al., 2011, 2016;

García-Mendoza et al., 2016.

Venezuela/1979, 1981, 1991 Public Health: 204 intoxicated (11 deaths) IPCS, 1984; La Barbera-Sánchez et al., 2004

Ecuador/1998 (Gymnodinium sp.) Epizootic: sea bird mortality Torres, 2000.

Pyrodinium bahamense Mexico/1976, 1985, 1989, 1991,

1992, 1995, 2001, 2010

Public Health:

476 intoxicated (18 deaths)

Saldate-Castañeda et al., 1991; Cortés-Altamirano et al.,

1993; Parrilla-Cerrillo et al., 1993; Sotomayor-Navarro

and Domínguez-Cuellar, 1993; Ramírez-Camarena et al.,

1996, 2002; Ochoa et al., 1998; Orellana-Cepeda et al.,

1998; Sierra-Beltrán et al., 1998; Meave del Castillo

et al., 2006; Núñez-Vázquez et al., 2007b, 2016; Licea

et al., 2008; Band-Schmidt et al., 2011;

Gárate-Lizárraga et al., 2011; Sánchez-Flores, 2011;

Bustillos-Guzmán et al., 2016.

Costa Rica/1989–1990 Epizootic: wild fish and sea turtle mass

mortality

Mata et al., 1990; Vargas-Montero and Freer, 2004.

Guatemala/1987 Public Health: 70 Intoxicated (6 deaths) Rosales-Loessener, 1989; Rosales-Loessener et al.,

1989; Rodríguez et al., 1990.

El Salvador/

2001–2001, 2009, 2013, 2017

Public Health:

187 Intoxicated (26 deaths)

Enrique Barraza et al., 2004; Barraza, 2009

Public Health:

41 Intoxicated

Epizootic: sea turtle mass mortality Amaya et al., 2014, 2017, 2018

Nicaragua/2005 Public Health:

45 Intoxicated (1 death)

Callejas et al., 2015

In the Mexican Pacific coast, in Nayarit, two HABs were
reported in December 2005. The average abundances were 1010
× 103 cell L−1, at a SST of 25◦C and high nutrient concentrations
(Castillo-Barrera and García-Murillo, 2007). Further south, in
Bahía Manzanillo (BMANZ), Colima, HABs have increased in
frequency, duration, and coverage. During winter and spring of
1999, HABs were reported with abundances of 35 × 102 cell
L−1 (Blanco-Blanco et al., 1999; Morales-Blake et al., 2000). The
temperature during the initiation of the bloom was 23◦C, and at
the highest abundance it reached 25◦C. In the same bay, in spring
of 2007, blooms were reported, with abundances of 3532 × 106

cell L−1, SST ranged between 24.8 and 26.3◦C, salinity from 31.8
to 32.6, and dissolved O2 from 5.1 to 6.1mg L−1 (González-Chan

et al., 2007). The authors suggested that HABs were caused by
upwelling events documented by satellite images.

In May 2010, the species proliferated again in BMANZ,
and Bahía de Santiago (Quijano-Scheggia et al., 2012). Water
temperature was 21◦C at the beginning of May, with salinities
of 32.5–34.6. Again, during the HAB, temperature raised
from 25.5 to 27.5◦C, and when temperature decreased to
22.5◦C, the highest abundances (3.7 × 106 cell L−1) were
found. Also, high mean values of dissolved inorganic nitrogen
(6.16–6.45µM), orthophosphates (0.27–0.51µM), and silicates
(7.49–21.07µM) were reported, coinciding with an upwelling
event in the Central Mexican Pacific that lasted 2 weeks
and was more intense than previous events. Morning winds
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FIGURE 2 | Distribution of PST producing dinoflagellates in Latin America. Ac, A. catenella; Am, A. minutum; Amo, A. monilatum; Ao, A. ostenfeldii; At, A. tamarense;

Ati, A. tamiyavanichi; A, Alexandrium sp.

flowed from the coast to the ocean, carrying the HAB off
the coast; and in the early afternoon, the flow was in the
opposite direction, causing cells to accumulated near the coast,
suggesting that this dinoflagellate is present in the oceanic zone
in low abundances, and that when the abundance increases,
cells are transported to coastal areas during more favorable
conditions, such as relaxation periods during upwellings
(Quijano-Scheggia et al., 2012).

In the southern Mexican Pacific, in Bahía de Acapulco
(BACA), the first record occurred in March 1999 with low
abundances from 7 to 78 × 103 cell L−1 (Gárate-Lizárraga
et al., 2009). Co-occurrence with M. polykrikoides was also
reported during a HAB from December 2005 to February
2006, with an abundance of G. catenatum from 141 ×

103 cell L−1 to 604 × 103 cell L−1. In December 2007

once again there was a HAB of both species at a SST of
26–27◦C.

In the last decade, the species has been reported in the
Gulf of Mexico, with the highest densities in October 2008,
between 183 and 1797 cell L−1 (Zamudio et al., 2013).
Gymnodinium cf. catenatum was reported in oyster beds
in Campeche (Poot-Delgado et al., 2015), but no HABs
have occurred.

Band-Schmidt et al. (2010), reviewed the reports in the
Mexican Pacific, including the GOLCA. They concluded that
this dinoflagellate is more abundant during March/April,
associated with a SST from 18 to 25◦C, and an increase of
nutrients from coastal upwelling and river runoffs. Also, that
blooms are inhibited by El Niño. Later studies have confirmed
these assertions.
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Other Latin American Countries
In the coasts of Ecuador several HAB events occurred in the
1990s (Torres, 2000). Within the list of species, Gymnodinium
sp. proliferated in February 1993 in the Península of Santa
Elena, extending for several kilometers, with a SST of 25◦C
and a wind speed of 8 kn. HABs of Gymnodinium sp. were
reported in March 1993, in Estero Salado (Golfo de Guayaquil,
GGUAY) and Apri 1997 in Isla del Muerto (Santa Clara). In
August of the same year, in island Santa Clara, this species
proliferated (<5 × 104 cell L−1) and remained during 5 months.
In February/March 1999, abundances of 3.5 × 105 cell L−1

were reported in GGUAY, with phosphates concentrations of
10.1 µg-at L−1 and silicates of 170.69 µg-at L−1. Nutrient
values were high in comparison with previous data recorded
in the same area. In January 1998 a bloom of Gymnodinium
sp. occurred at a SST of 25–29.7◦C, and was related with
ENSO and associated with a bird mortality. In 1999 (April/May)
blooms of Gymnodinium sp. were reported near shrimp farms
and associated to turtle mortality (Torres, 2000). Torres-
Chuquimarca (2011) reviewed HABs events from 1968 to 2009,
and concluded that from March to May, HABs are recurrent in
the coasts of Ecuador and again, the most frequent genus was
Gymnodinium sp. Areas with the highest incidence of blooms and
mortality of organisms were in the GGUAY (80%), particularly
Estero Salado, and Río Guayas, Puna island and the coastline
of the province El Oro, a region where shrimp farming is
an important activity. The mortality of organisms associated
to these blooms suggests that the responsible species could
be G. catenatum.

In Brazil, this species was recorded in 1997 (Proença
et al., 2001) in the estuarine complex of Paranaguá (Southern
Brazil), where fisheries and aquaculture are important economic
activities. From 1913 to 2000 several HAB species that impacted
wildlife off the coast of Brazil were reported, including
Gymnodiniun sp., although G. catenatum was also reported
(Odebrecht et al., 2002). From August 2002 to October 2003, it
was reported in Paranaguá, among various toxic species, with a
maximum abundance of 6.4 × 103 cell L−1 in February (spring-
fall) at 29◦C (Mafra-Junior et al., 2006).

In Chile, during March-April 1999, in the archipelago of
Chiloé and inland waters, a massive fish mortality that extended
>1,330 km took place, from the latitude 42◦ to 54◦ S, affecting
salmon farming (a loss of ∼1,500 t), eels, sea stars, sea urchins,
mussels, octopuses and snails (Clément et al., 2001). Mortalities
were associated with Gymnodinium sp. (4–8 × 106 cell L−1).
Also, densities of 3 to 43 × 104 cell L−1 were recorded in the
Magellan region (MAGR). The bloom was more intense during
neap tides and strong solar radiation. A higher abundance was
found in surface waters during the day, and at night at 10m
depth. The HAB originated outside the fjords and channels in the
hydrographic front between the open waters (>30 salinity) and
the inland waters (salinity15–25) (Clément et al., 2001). In the
archipelago of Chiloé, temperature was 1.5◦C higher (15◦C) than
the expected, suggesting that the growth of dinoflagellates could
be stimulated with high irradiance, additionally to prolonged
minimal amounts of discharged fresh water in the channels
and fjords, providing suitable conditions for oceanic species.

HABs were associated with the front structure of the body of
water masses.

In Argentina, this species was recorded for the first time
in 1964 (Balech, 1964). Until 1995, during March-April, it was
observed in low densities (80 cell L−1) in Mar del Plata (MPlat),
but in April 1997, an abundance of 1.9 × 103 cell L−1 was
reported (Akselman et al., 1998). This species was also recorded
on the coast of Uruguay in 1991 at the end of summer, and in
autumn 1993 it was reported in both, Uruguay and MPlat. From
1991 to 2004 blooms occurred in Uruguay at a SST between 21.8
and 24.0◦C and salinities between 18.4 and 32 (Méndez, 2006). In
March 2003, in coastal waters of MPlat, the species was found in
high abundances (8.9 × 104 cell L−1) (Montoya et al., 2006). As
toxin profiles differed within both locations, authors suggested
that the MPlat HAB was a local event and was not caused by the
transportation of the population from the estuarine region.

In Cuba, G. catenatum was found in the NE region coinciding
with higher nutrient inputs from rivers and anthropogenic
discharges. Nevertheless, during dry season, at a SST between
26.8 and 27.3◦C, salinity 36.3, abundances were reported between
400 and 800 cell L−1 (Leal et al., 2001). In the southern region, in
Bahía de Cienfuegos, it was also reported (2.3 × 103 cell L−1) at
a wider SST range (between 23.6 and 27.0◦C) (Moreira-González
et al., 2013).

Toxin Profiles in Environmental Samples
In Mexico, two review papers have been published regarding
the toxicity and toxin profile of phytoplankton and shellfish
samples during HABs of G. catenatum. The first report included
information from theMexican Pacific coast (Band-Schmidt et al.,
2010), and the second only considered data from the GOLCA
(Bustillos-Guzmán et al., 2016). As in many other geographic
zones, natural phytoplankton PSTs analysis linked to this species
are scarce in LAm, and reports have only been done in Uruguay,
Argentina and Mexico (Méndez et al., 2001; Gárate-Lizárraga
et al., 2006; Montoya et al., 2006; Quijano-Scheggia et al., 2012).

Toxicity of this species is relatively low in natural
phytoplankton samples and, according to reported analysis, it
oscillates between 1 and 3.7 pg STXeq cell−1 in BAPAZ (Gárate-
Lizárraga et al., 2006), and in BMANZ from 1.4 to 10.9 pg STXeq
cell−1, with an average of 4.2 pg STXeq cell−1 (Quijano-Scheggia
et al., 2012). The PSTs analogs are predominantly sulfocarbamoyl
C1/2 (73.0% in molar basis), followed by carbamoyl, STX
(16.2%) and NEO (3.3%). Decarbamoyl analogs (dcGTX2/3,
dcSTX) are less represented (<5%). In coastal waters of MPlat,
toxin content was 122 fmol cell−1 (Montoya et al., 2006), and
presented a profile dominated by C1/2 (82 mol%), followed by
GTX2/3 (9%), GTX4 (6%), and dcGTX2/3 (4%). The calculated
toxin cell content was similar to that reported previously for
Uruguayan isolates (Méndez et al., 2001). These values also
agreed with the calculated cell toxin concentration related to the
first lethal poisoning in Mexico, of 10 pg cell−1 (Mee et al., 1986).
Both reviews emphasized the low quantities of PSTs in natural
phytoplankton samples of the dinoflagellate. This remark, as
shown in this work, could also be extended to other zones
in LAm.
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Concerning the toxin profile of phytoplankton samples, two
patterns can be clearly distinguished: One where sulfocarbamoyl
analogs (B, C) are dominant (>50% in molar basis), and a second
one, where decarbamoyl analogs (dcGTX2/3, dcSTX) dominate,
representing >70% (Gárate-Lizárraga et al., 2004, 2006). The
first pattern has been reported in bloom samples of Argentina
(Montoya et al., 2006) and Mexico (Quijano-Scheggia et al.,
2012). The second was found in samples from Mexico: Bahía
Concepción (BACO) and BAPAZ (Gárate-Lizárraga et al., 2004,
2006) in the GOLCA. However, the liquid chromatography with
fluorescence detection (LC-FLD) method commonly used for
these analyses has some withdrawals, and miss-identification
may occur depending on the extraction methods, if two or
more toxins have the same retention time or if phantom peaks
are present they can compromise the identification of analogs
(Bustillos-Guzmán et al., 2015). These patterns have to be further
confirmed and analyzed by confirmatory methods such as LC
coupled to mass spectrometry detectors alone or in tandem (LC-
MS or LC-MS/MS). Benzoyl analogs should also be analyzed in
natural phytoplankton samples of G. catenatum, since it has been
reported that at least 15 of them have been identified in cultured
strains (Durán-Riveroll et al., 2017).

DuringHABs of this species inMexico, PSTs content of several
species of mollusks have been reported, including oysters, clams,
and scallops (Bustillos-Guzmán et al., 2016; Quijano-Scheggia
et al., 2016). Dominance of B and C, or dc analogs (dcGTX2/3,
dcSTX) are usually found in mollusks (Gárate-Lizárraga et al.,
2004; Hernández-Sandoval et al., 2009). In Panopea globosa
analogs could be linked to the bloom phase, with a higher
content of C toxins during the HAB occurrence, and a higher
content of GTX5, dcGTX2, and dcSTX several weeks afterwards
(Medina-Elizalde et al., 2018).

In Venezuela, from August to December 1991, in mussels
(Perna perna) from Isla Margarita, the most abundant analog
was dcSTX; NEO and GTX1-4 were also registered (La Barbera-
Sánchez et al., 2004). The presence of dcGTX2/3 was attributed to
G. catenatum, however, during this bloom cells of A. tamarense
were also documented. In Uruguay, during a HAB, the toxin
profile in Mytilus edulis and the clam Donax hanleyanus
presented N-sulfocarbamoyl analogs (C1/2, 53% in molar basis)
and significant amounts of GTX2/3 and STX for the former
bivalve and dc toxins, mainly dcGTX2 (∼63%), for the later
species (Méndez et al., 2001). Analog variation was also linked
to the bloom phase, as well as the cell abundance, ingested cells
or specific biotransformations of each bivalve.

Autoecology Studies
Several autoecology studies have been performed with strains of
G. catenatum from the GOLCA and the Pacific coast of Mexico
(reviewed by Band-Schmidt et al., 2010, 2016). Under laboratory
conditions, this species tolerates a wide salinity, temperature, and
N:P ratio. Strains are able to grow at salinities from 15 to 40; the
optimal range changes with seawater source. In general, highest
growth rates (from 0.28 to 0.31 div day−1) occur between 28 and
38 (Band-Schmidt et al., 2004). Strains can grow at temperatures
between 11.5 and 33◦C, with higher growth rates (from 0.32
to 0.39 div day−1) between 21 and 24◦C, and maximum cell

concentration between 4,700 and 5,500 cell mL−1 (Band-Schmidt
et al., 2004, 2014). This species also tolerates a high range of
N:P ratio (from 5.4 to 74.3µM) with growth rates between 0.20
and 0.24 div day−1, and a maximum cell concentration (5,852
cell mL−1) at a N:P ratio of 23.5 (Bustillos-Guzmán et al., 2011).
This wide tolerance to environmental factors probably explains
partially the wide distribution of this species along the Mexican
Pacific coast.

There are only two studies in LAm where photosynthetic
pigments are reported. The first one determined the effect of
two light intensities (120 and 350 µmol quanta m−2s−1) on a
strain from BACO [Murillo-Martínez, 2015, in (Paredes-Banda
et al., 2016)], finding that, at the highest light intensity (HL)
growth rates were of 0.28 ± 0.06 div day−1, with maximum cell
concentration of 5902 cell mL−1; at a lower light intensity (LL)
growth decreased in 50% (0.14 div day−1) and the maximum
abundance decreased by 45%. At LL the concentration of
chl a and peridinine was higher than at HL. Also, at HL
diadinoxanthine and diatoxanthine increased (18%) indicating
the photoprotection in cells is higher compared with LL
conditions. No differences where observed in the concentration
and toxin profile under both light conditions indicating that toxin
synthesis is not related with light intensity. The second study, in
an isolate from Santa Catarina, Brazil, determined the pigment
profile, detecting chl a, chl c2, peridinine, diadinoxanthine, and
minor carotenoids (Proença et al., 2001).

Few studies have been performed in LAm to understand
the effect of planktonic species on its growth and survival.
In the GOLCA, grazing studies have been performed with
the copepod Acartia clausi and the dinoflagellate Noctiluca
scintillans, demonstrating that both are important predators of
the dinoflagellate, suggesting they have an important ecological
role in the regulation of its blooms (Palomares-García et al.,
2006; Bustillos-Guzmán et al., 2013). It was also demonstrated
the allelopathic effect of the raphidophyte Chattonella marina
var.marina and the dinoflagellateMargalefidinium polykrikoides
toward G. catenatum. Both species inhibited the growth of G.
catenatum and caused changes in its morphology, and chain
formation. Inhibition was stronger and occurred in a shorter time
with Chattonella; mortality occurred with and without direct
cell contact, indicating that toxic metabolites are released to the
culture medium (Fernández-Herrera et al., 2016; Band-Schmidt
et al., 2017). These results suggested that biotic factors affect its
growth providing new insights on the interactions between this
dinoflagellate and co-occurring planktonic species.

Gymnodinium catenatum Toxin Profiles
Under Laboratory Conditions
In LAm, several strains of G. catenatum have been isolated
and maintained in culture for laboratory studies (Figure 3).
Toxin profiles in laboratory conditions, however, have been
reported only from Brazil and Mexico. In Brazil, one isolate has
been studied, isolated from Armaçao do Itapocoroy (AdI). In
Mexico, the isolates used for autoecological studies come from
Baja California Sur (BAPAZ, BACO); Sinaloa (BAMAZ); Colima
(BMANZ); Bahía de Topolobampo, Sinaloa (TOPO) and Lázaro
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FIGURE 3 | Origin of isolates from where toxin production in laboratory conditions have been analyzed.

Cárdenas, Michoacán (CAR). In these studies, toxin analyses
have been performed mostly by HPLC-FLD. This technique,
though reliable for most of the common STX analogs, has
some drawbacks that have been mostly reduced by several
improvements of the methods. Nevertheless, it is important to
keep in mind that some of these drawbacks are persistent and
have led to important confusions in toxin analysis.

In 2001, laboratory studies started in Brazil. The only available
standards for the analysis were GTX1-4, NEO, and STX, but
none of these analogs were found in the culture samples, and
peaks eluted in retention times previously reported for N-
sulfocarbamoyl toxins. The production of these analogs was later
proven by acidic hydrolysis of the extract and further analysis,
showing a peak for GTX2/3, equivalent to the C1/2 toxins,
characteristic of this species (Proença et al., 2001).

Since 2005, toxin profiles from Mexican isolates started to
be studied. These isolates have been mainly from the GOLCA

region, and the Mexican Pacific. Their toxin profile included
NEO∗1, dcSTX, dcGTX2/3, B1, and C1/2 (Table 2). The low
molar percentages of B toxins was considered a distinctive
characteristic of Mexican strains, compared to reports from
Portugal and Spain (Negri et al., 2001; Ordás et al., 2004; Gárate-
Lizárraga et al., 2005), but a huge variation in profiles and toxin
content among strains was found, and it was also proven that
they can vary with culture age and culture conditions (Gárate-
Lizárraga et al., 2005).

It has been reported that the toxin content was slightly variable
with culture age, but differences were not always significant
(Band-Schmidt et al., 2005). As cultures aged, a decrease in the
number of isolates producing NEO∗, GTX2/3, C1/2, and B2 was
registered, and a there was significant increase of decarbamoyl

1In 2015, Bustillos-Guzmán and collaborators, using LC-MS/MS found that the

analog reported as NEO in previous analysis could have corresponded to dcNEO.
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analogs (dcSTX, dcGTX2/3) (Table 2). Nevertheless, in another
study, no significant differences in toxin content or toxicity
related to culture age were found, neither differences between
strains isolated from vegetative cells and cysts. They also reported
STX during certain days of the culture, a toxin that is almost
never reported in Mexican isolates, which could indicate that the
rest of the time it is produced in non-detectable concentrations
(Band-Schmidt et al., 2006).

Later, the toxin profile of one isolate fromBACOwas analyzed,
though themain goal was to determine its toxic capacity when fed
to the copepod A. clausi. Toxin profile of the isolate showed only
the commonly reported analogs C1/2, dcSTX, and dcGTX2/3,
and no B1, B2, dcNEO or any carbamoyl toxins that were
previously reported (Palomares-García et al., 2006) (Table 2).
Also, the effects of this dinoflagellate were demonstrated on the
clam Nodipecten subnodosus. In this case, toxins were extracted
with a different acetic acid concentration (0.1N vs. 0.03N in
former experiments) (Estrada et al., 2007). The authors found
a vast amount of GTX toxins, but did not specify the analogs,
and no N-sulfocarbamoyl toxins, such as B1, B2, and C1-4
were reported (Table 2), though these analogs have been often
described as the main toxin component for the species. A year
later, the effect of the PSTs were studied in the white leg shrimp,
Litopenaeus vannamei, using an isolate from BACO (Pérez-
Linares et al., 2008). Cultures were grown in f/2 medium and
the toxin profile was analyzed prior to injecting the shrimp with
the toxic extracts. The profile was very different from previous
reports from the same isolate, probably related to differences
in culture media (f/2 vs. GSe), temperature (21◦C vs. 26 ±

1◦C), and toxin extraction, that was performed with hydrochloric
acid instead of acetic acid. The described profile for this isolate
was composed by STX, NEO, GTX1/4, GTX2/3, and dcSTX
(Pérez-Linares et al., 2008), and no N-sulfocarbamoyl toxins
or other decarbamoyl toxins (dcNEO, dcGTX1-4) (Table 2),
were reported. Probably, the acidic conditions of the extraction
could modify the toxin profile, or the lack of N-sulfocarbamoyl
standards prevented the detection of these toxins. As reported
in many other countries, the presence of dcSTX, dcGTX2/3, and
C1/2 are considered usual components of G. catenatum strains
from the Pacific Mexican coasts, also, being the decarbamoilated
analogs the most important in terms of toxin potency while
the latest are usually the most important in terms of molar
contribution (Band-Schmidt et al., 2010).

In the search for a better understanding of how the
environmental factors affect the toxin profile and toxicity, in
vitro experiments have been performed using different nutrient
concentrations and temperature regimes. In 2012, the analysis
of an isolate from BACO in the GOLCA, with different N:P
ratios was reported (Bustillos-Guzmán et al., 2012). Toxins were
extracted with 0.03N acetic acid and a subsample was hydrolized
to detect N-sulfocarbamoyl toxins. No significant differences in
cell toxicity or toxin profile were recorded, and by the end of
the experiment, an increase in total toxicity was evident in all
treatments, as reported previously (see Band-Schmidt et al., 2005,
2006; Gárate-Lizárraga et al., 2005). The toxins found in these
experiments were STX, NEO∗, dcSTX, dcGTX2/3, B1, B2, and
C1-3 (Table 2). This toxin profile varied slightly with previous

reports of isolates from the same geographical area, where STX
and/or GTX1/4 and no N-sulfocarbamoyl toxins were described
(Estrada et al., 2007; Pérez-Linares et al., 2008).

The effect of temperature in toxin profile, toxicity and growth
was studied in 2014 in eight Mexican isolates from four locations
in the Pacific coast: BAPAZ, BAMAZ, TOPO, and CAR (Band-
Schmidt et al., 2014). All isolates produced the same ten analogs
(Table 2), though significant differences were found among them
in terms of GTX2/3 and B toxins, all of them produced higher
proportions of B and C toxins. At lower temperatures (16–
19◦C) the production of C toxins was greater and at higher
temperatures (30–33◦C) B toxins represented up to 63.4% of
the toxin profile, whereas at lower temperatures the maximum
was 12.7% in molar basis. Decarbamoyl toxins (dcSTX, dcGTX2)
were more abundant at 21◦C, but since the main changes in
toxin profile were within the low-potency toxins, no changes in
cell toxicity related to temperature were found. An interesting
relationship between dcSTX and dcGTX2 was found since both
increased or decreased simultaneously (Band-Schmidt et al.,
2014). This toxin profile change related to temperature, from
mostly C1/2 toxins in lower temperatures to mostly B1/2 at high
temperatures could be explained by enzyme activity, but more
studies are necessary.

In 2001, new analogs reported for G. catenatum that brought
attention to this species (Negri et al., 2001). Chromatographic
peaks eluted late in the C toxin chromatograms. These peaks
were later confirmed in Spanish isolates (Ordás et al., 2004),
and reported as C5 and C6 compounds or possible artifacts,
but it was later confirmed to be new toxin analogs containing
a benzoyl ring in the lateral chain. These toxins were named
GC1-3 toxins or “hydrophobic toxins” (Negri et al., 2003b).
These peaks were previously noted in isolates from different
countries, and in 2007 Negri and collaborators reported the
widespread presence of these analogs in isolates from Australia,
China, Japan, Portugal, Uruguay, and Spain, comprising between
10 and 63 mol% of the total toxin in cultured vegetative cells
or cysts (Negri et al., 2007). One year later, a Portuguese strain
was analyzed and several unknown oxidation products were
found, in addition to the three GC toxins previously reported
(Vale, 2008). Further mass spectrometry analysis confirmed
the existence of a wide range of GC analogs (Figure 1) (Vale,
2008). In 2011, these analogs were searched for and found in
Mexican isolates (Bustillos-Guzmán et al., 2011). The isolate
used for these analysis was from BACO, and the toxin detection
was done by HPLC-FLD, using the methodology previously
described by Vale (2008) and comparing the retention times
of the later peaks. The GC toxins found in this isolate were
abundant and mostly composed by the sulfobenzoylated, the
C-11 sulfated and the non-sulfated analogs (corresponding to
the GCb series, GC1/2 and GC3 analogs, respectively). Apart
from GC toxins, this analysis found the commonly reported
B and C analogs but no STX or NEO, bringing out the
question about previous analysis and the possibility of having
misidentified dcSTX and dcNEO for STX and NEO (Bustillos-
Guzmán et al., 2011). A second report of GC toxins in
Mexico was from an isolate from the Pacific coast (MANZ),
using nuclear magnetic resonance (NMR) in semi-purified
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water-methanol fractions, where the para-hydroxylated benzoyl
ring was visible (Durán-Riveroll et al., 2013).

In 2015, Bustillos-Guzmán and collaborators analyzed the
toxin profile of G. catenatum from five locations along the
Mexican Pacific coast that were cultivated in two different media
(GSe, f/2 + H2SeO3). Analyses were performed by hydrophilic
interaction liquid ion chromatography (HILIC) coupled to
tandem mass spectrometry (MS/MS). In these analysis, C1/2
analogs were the most abundant, with >85% on molar basis.
Decarbamoyl toxins, such as dcSTX and dcNEO represented
a mean average content <5% and no differences were found
between the two culture media (Bustillos-Guzmán et al., 2015).
The richness of GC analogs in Mexican isolates was confirmed
but due to the lack of standards, they could not be quantified, but
in terms of relative abundance (peak area cell−1) an interesting
geographical increasing trend from strains from northern to
southern regions was found (Bustillos-Guzmán et al., 2015). Also,
the study was interesting since it was not possible to confirm the
presence of GTX2/3 that had been reported in previous analysis
done by HPLC-FLD. The same occurred for STX, and NEO,
which led to the question on the existence of phantom peaks,
particularly in dcNEO, which probably had been misreported
as NEO. These findings raised doubts on the reliability of the
most used technique in Mexico and LAm in general, especially
for analogs for which reference standards are unavailable, such as
GC toxins (Bustillos-Guzmán et al., 2015). For these reasons, it
has been proposed that a second detection method, such as MS,
should be performed in order to overcome the normal drawbacks
of the identification methods.

The most recent research on GC analogs has been performed
by Durán-Riveroll et al. (2017). They confirmed the production
of fifteen GC analogs in the mixture of three Mexican isolates
from the GOLCA, and the coasts of Michoacán, in the Pacific
coast. The microalgal extract was fractionated by reverse-phase
column chromatography and a MS/MS-guided fractionation was
performed. Confirmation was done using MS on the search of
the precursor ions and their fragments, using HILIC-MS/MS.
For the analogs with same mass and mass fragments, 1H-NMR
spectroscopy was used to discriminate between them (GC4/5 and
GC1a/2a). Fifteen GC analogs were identified: GC1-6, GC1a-5a,
GC1b/2b, and GC4b/5b. During this study, the chromatographic
behavior of the previously named “hydrophobic analogs” was
analyzed, and it was revealed that GC analogs are as hydrophilic
as many of the “common hydrophilic” analogs. In light of
these results, authors proposed a better designation as “benzoyl
analogs” and subdivide them into para-hydroxybenzoyl, di-
hydroxybenzoyl, and sulfo-benzoyl analogs (Durán-Riveroll
et al., 2017). The combination of high resolution techniques,
such as HILIC-MS/MS and 1H-NMR represented an important
progress on the GC analogs identification and proved the need
of the use of confirmatory techniques, mostly when relatively
unknown analogs are investigated.

Cell Toxin Content
Reported toxicities from different studies are shown in Table 3.
Differences in toxicity have been found among isolates (Band-
Schmidt et al., 2006), related mainly to the toxin profile: isolates

from BAMAZ have been found to be the most toxic with a higher
amount of the more potent carbamoyl toxins; isolates from
BAPAZ were in second place and the ones from BACO, where
the least toxic. A wide variation in toxicity among isolates from
the same area have also been found, which has been reported
previously in other geographical areas (Bolch et al., 2001; Seok
Jin et al., 2010). Also, toxicity in all isolates reached their highest
point during the exponential growth phase (Band-Schmidt et al.,
2006), as described for other isolates. The only other report of
the toxin content in cultured cells is from a Brazilian isolate were
the toxicity was estimated by mouse bioassay to be 29 pg STXeq
cell−1 (Proença et al., 2001).

According to previous studies, cultured dinoflagellates tend
to produce less toxin per cell (cell toxin quota) due to the
“forced growth” by high nutrient conditions, compared to natural
populations (Cembella, 1998). In nature, cell division could
take longer and toxins tend to concentrate inside the cell.
Nevertheless, in vitro observations from G. catenatum cultures
in Mexico have shown higher cell toxin quotas than natural
populations, probably related to differences in nutrients between
natural and culture conditions (Gárate-Lizárraga et al., 2005;
Band-Schmidt et al., 2006). However, the experiments with
different N:P ratios did not shown effects in toxicity and/or toxin
profile (Bustillos-Guzmán et al., 2012).

Docking Studies
Since the properties of GC analogs, such as mammalian toxicity,
receptor-binding affinities and biological action mechanisms
are mostly unknown due to the lack of analytical standards
and the difficulties in producing and purifying these toxins,
computational tools were used as an alternative strategy for their
exploration. Only one docking study on G. catenatum toxins has
been done in LAm, by Durán-Riveroll et al. (2016). Docking
modeling is a useful in silico tool that can reveal molecular
interaction mechanisms in great detail, generating information
that cannot be deduced from electrophysiological approaches
(Gordon et al., 2013). Molecular docking approaches have been
key in the description of the interactions of several toxins
with NaV channels, like with µ-conotoxins (Li et al., 2001).
This approximation, even though it allows screening of many
ligands for a given protein (Halperin et al., 2002; Brooijmans
and Kuntz, 2003), also has certain disadvantages, related to its
accuracy (Warren et al., 2006). In any case, it is possible to obtain
important clarifying information about the mode of action and
affinity of toxins in a protein target.

Members of the NaV channels family are the membrane-
protein targets for STX and its analogs. These interactions are
mediated by the guanidinium groups in the toxin molecules,
which are formed by a central carbon and three nitrogen
atoms, and have a positive charge at physiological pH, directly
implicated in their binding capacity to the NaV, and allows
the toxins to block the Na+ influx to the cell (Durán-Riveroll
and Cembella, 2017). Docking studies have been useful to gain
a better understanding of the blocking capacity, and due to
the absence of information on GC analogs, theoretical studies
are considered essential to increase the knowledge about their
properties. In this study, authors found that all eighteen GC
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TABLE 3 | Toxin content of cultured G. catenatum under laboratory conditions.

No. of isolates Origin Culture media Toxicity (pg STXeq

cell−1)

References

1 Armaçao do

Itapocoroy, Bra

K + SE 28.0 Proença et al., 2001

3 BAPAZ, B.C.S. Mx GSe 15.1 Gárate-Lizárraga et al., 2005

5 BACO, B.C.S. Mx GSe 13.3

2 BAMAZ, Sin, Mx GSe 20.3

16 BACO, B.C.S. Mx f/2 + H2SeO3

17 days

25.7 ± 6.2* Band-Schmidt et al., 2005

16 BACO, B.C.S. Mx f/2 + H2SeO3

22 days

27.9 ± 17.7*

3 BACO, B.C.S. Mx GSe 13–47 Band-Schmidt et al., 2006

2 BAPAZ, B.C.S. Mx GSe 36–73

2 BAMAZ, Sin, Mx GSe 37–101

1 BACO, B.C.S. Mx f/2 + H2SeO3 60.3 Palomares-García et al., 2006

1 BACO, B.C.S. Mx f/2 + H2SeO3 21.8 ± 2.9 Bustillos-Guzmán et al., 2012

BAPAZ, Bahía de La Paz, Baja California Sur; BACO, Bahía Concepción, Baja California Sur; BAMAZ, Bahía de Mazatlán, Sinaloa. Mx, Mexico. Bra, Brazil. SE, Soil Extract.

*Average toxicity was not significantly different.

analogs theoretically interacted with the NaV 1.4 (muscular
NaV channel) residues in the two protein models used for the
experiment. They also reported high affinity values (as low
binding energies 1G), for some of the GC toxins, raising the
hypothesis that at least some of them could be toxic to mammals
because they are able to reach key protein residues by electrostatic
interactions (Durán-Riveroll et al., 2016). As the model of
ion channel of NaV eukariotic structure continues improving
(Shen et al., 2017) instead of using homologation models of the
bacterial NaV, as in this analysis, docking studies will generate
more precise information. The greatest obstacle, however, is
that docking programs, in order to reduce computational costs,
consider the protein as a rigid body, which is far from real.
The omission of conformational protein changes due to ligand
binding can yield unrealistic results, and for that reason, the
use of molecular dynamics (MD) is highly recommended to be
used in combination with docking approach (Deeb et al., 2010),
though the later greatly increases computational costs and it is
more time consuming than molecular docking simulations.

Molecular Studies
The first study of genetic variation among strains ofG. catenatum
from Asia, Europe, and Australia was published by Bolch
and collaborators in 1999. Populations from Japan, Spain, and
Portugal showed higher genetic similarities than with those from
Australia, where a recent dispersal could have happened (Bolch
et al., 1999). In LAm, molecular analyses of the species are
scarce. In 2008 the LSUrDNA sequences and morphology of
strains from the GOLCAwere reported, where a single nucleotide
polymorphism was identified in sequences from strains from
BACO, suggesting a mutation or genetic isolation (Band-
Schmidt et al., 2008). Authors proposed that the Western Pacific
population could be an ancestral population of this species.
In 2013, the gene expression and histological injuries in the
Japanese oyster Crassostrea gigas when exposed to G. catenatum

toxins were analyzed, determining changes in the transcription
level cell-cycle regulation genes and epithelial damages associated
to inflammatory responses, concluding that the toxins induced
DNA damage in this mollusk (García-Lagunas et al., 2013).

The origin of STX genes and the relationship between copy
number and genome size in G. catenatum has not been well
established, recently Mendoza-Flores et al. (2018) carried out
a study to determine the origin of sxtA (domains sxtA1 and
sxtA4) and their gene copy number. The phylogenetic tree
with partial sequences of sxtA1 of G. catenatum showed a
separated subclade of toxic and non-toxic Alexandrium species,
while sequences of sxtA4 showed two well-supported clades
within the dinoflagellates group, separating G. catenatum from
Alexandrium species. Authors concluded that G. catenatum did
not acquire sxtA gene by horizontal gene transference from
Alexandrium. Moreover, differences in copies number of sxtA1
and sxtA4 between G. catenatum and Alexandrium species
were observed.

Pyrodinium bahamense

Pyrodinium bahamense is an important member of PST-
producing marine dinoflagellates, especially in tropical waters,
and has causedmore human illnesses and fatalities than any other
PST producing dinoflagellate (Usup et al., 2012). This species
was originally described from New Providence Island, Bahamas
(Plate, 1906). For many years, two varieties were assigned to
the genus: the Indo-Pacific variety designated “compressum,” and
the Atlantic-Caribbean variety “bahamense.” However it was
demonstrated that the range of distribution of both varieties
extended beyond these original locations (Martínez-López et al.,
2007; Morquecho, 2008), and that both varieties co-occur in
several areas (Glibert et al., 2002; Gárate-Lizárraga and González-
Armas, 2011). In addition to several morphological attributes,
one of the primary differences between both varieties was the
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absence of toxin production in var. bahamense (Steidinger et al.,
1980). However, a recent re-evaluation found no consistent
morphological or molecular traits that could be used to separate
the varieties, since toxin production was also demonstrated in
var. bahamense (Landsberg et al., 2006; Mertens et al., 2015).

Its distribution in the Pacific coast extends from southern
GOLCA to Colombia (Martínez-López et al., 2007; Rodríguez-
Salvador andMeave del Castillo, 2007; Morquecho, 2008; Gárate-
Lizárraga and González-Armas, 2011; Usup et al., 2012). In the
Atlantic coast it has been reported from the Gulf of Mexico to
Uruguay (Licea et al., 2013; Limoges et al., 2015; Mertens et al.,
2015; Poot-Delgado et al., 2015; Cusick et al., 2016). HABs have
been linked in several occasions to human poisoning (Rosales-
Loessener, 1989; Rodríguez et al., 1990; Saldate-Castañeda et al.,
1991; Núñez-Vázquez et al., 2011; Gárate-Lizárraga et al., 2012;
Callejas et al., 2015) as well as to epizootic events (fish and
sea turtles) (Núñez-Vázquez et al., 2011; Amaya et al., 2018)
(Table 1). The first HAB of this dinoflagellate in LAm was
reported in the coast of Guatemala in 1987, causing 175
intoxications and 26 fatalities (Rosales-Loessener, 1989). PSP
cases produced by this species have affected several Latin
American countries, notably in the southernMexican Pacific, and
Central America (Figure 2).

Bloom Dynamics
Mexico
Vegetative cells of P. bahamense were reported for first time
in 1942 in Mexico (Osorio-Tafall, 1943). In several occasions,
this species has been registered from the coasts of Michoacán
to Chiapas (Figure 2) (Cortés-Altamirano et al., 1993; Orellana-
Cepeda et al., 1998). In winter 1995, a HAB was recorded on the
SW coast, affecting invertebrates, fish, and causing the death of
145 turtles (Orellana-Cepeda et al., 1998).

In the GOLCA, it was recorded for the first time in May
2005, in the lagoon system of Topolobampo-SantaMaría-Ohuira,
with an abundance of 100 cell L−1. Cysts were also recorded
(Martínez-López et al., 2007). Shortly afterwards, vegetative cells
in the island San José in BAPAZ were reported (Morquecho,
2008). The author mentioned that the relatively low frequency
of cysts of P. bahamense in this zone may indicate the influence
of warm water from the tropical Pacific, and therefore it is likely
that El Niño event contributed to the transport of vegetative
cells or cysts from Central America. High temperatures prevailed
in summer (July-October) when outbreaks occurred close to
San José Island. From July to November 2010, in the southern
peninsula of Baja California, it was found with abundances
between 800 and 1110 cell L−1 at a SST of 28–28.5◦C and salinity
of 35.2 (Gárate-Lizárraga and González-Armas, 2011). These
contributions widen the northern distribution of this species in
the Pacific coastline of LAm. The presence of this dinoflagellate
from July to November was considered unusual, and again
authors attributed this to El Niño event. It was suggested that
this is an invasive species and that it was probably transported
by surface tropical waters moving within the GOLCA (Cortés-
Altamirano et al., 2006; Gárate-Lizárraga and González-Armas,
2011). Also, the species was recorded in coastal lagoons of

Sinaloa (Alonso-Rodríguez et al., 2015). To date, no HABs of P.
bahamense have been reported in this region.

During December 1989 and February 2002, in the southern
Pacific coast of Mexico, HABs of this species were registered
(Licea et al., 2008). Environmental conditions based on satellite
images reported a positive thermal anomaly of 1.5◦C between
southernMexico and Costa Rica. The dinoflagellate was recorded
on the coast of Oaxaca from September 2009 to June 2010, with
abundances from April to June 2010 of 4 × 103 cell L−1 and
3.3 × 104 cell L−1, respectively. The SST ranged from 27.4 to
31.3◦C and from 28.4 to 30◦C, respectively (Alonso-Rodríguez
et al., 2015).

In 2001, in BACA, cysts were reported (Meave del Castillo
et al., 2006). Ten years later, in July 2010 vegetative cells were
recorded at low abundances, from 1 × 103 to 1462 × 106 cell
L−1 (Gárate-Lizárraga et al., 2012).

Based on a cyst study in the Gulf of Tehuantepec, it was
suggested that the species has been present in this region since
1860, and that cells have been transported recently from the Indo-
Pacific population (Sánchez-Cabeza et al., 2012). Theymentioned
that, since 1950, its influx increased in this region, due to La
Niña events, however historical data of strong El Niño anomalies,
recorded from 1892 to 1983, indicated there was a minimum cyst
flow. Emphasizing that in 81% of cases these fluxes coincided
with heavy rain (>400mm) and high nutrients, and that high
cyst flow was correlated with lower temperatures (<24.5◦C). The
authors proposed that low SST (conditions during LaNiña) could
favor the dinoflagellate growth. When a rapid transition to high
SST conditions occur, rainfall increased with an input of large
amounts of nutrients, making it possible to maintain the bloom.
At the termination of the bloom, cysts could be incorporated
into the sediments. They suggested that this situation may occur
during strong upwelling conditions, hypothesis that needs to be
confirmed. It was also suggested that the exceptional records in
the coastline and offshore waters of the Mexican central Pacific
during the 1999–2000 La Niña could suggest a link with the
recurrence of HABs (Hernández-Becerril et al., 2007).

In the southern Gulf of Mexico, according to data recorded
from 1966 to 1996, in coastal lagoons this species is widely
distributed throughout the year (Gómez-Aguirre, 1998). In
Laguna de Términos, the highest reported abundance has been
3 × 103 cell mL−1, and blooms are more frequent in autumn-
winter. HAB formation could be associated with seawater
fluxes and northern winds that remove the water column.
Mangrove forests could also provide suitable conditions for cell
accumulation (Gómez-Aguirre, 1998). In the Gulf of Mexico,
this dinoflagellate is limited to the SE region (Aké-Castillo and
Poot-Delgado, 2016).

Other Latin American Countries
In November 2005 and March 2006, in the coast of El Salvador,
satellite images showed a positive thermal anomaly of 1.5◦C
between southern Mexico and Costa Rica during a HAB of P.
bahamense (Licea et al., 2008). In December 2005, its abundance
reached 489 × 105 cell L−1 and in March 2006 it decreased
to 15 cell mL−1. The authors mentioned that blooms could
be influenced by SST, strong winds and heavy precipitation.
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From November to June 2010 in the same area, a bloom of
∼13 km was recorded with abundances of 15.3 × 106 cell L−1.
Offshore concentrations were of 22 × 103 cell L−1 (Licea et al.,
2012). They stated that HABs of this dinoflagellate in Central
America are influenced by smaller scale gyres, upwelling and
local hydrographic conditions. Cysts were detected in March and
August 2012 in the Gulf of Fonseca (Alvarado et al., 2014).

In November 2005, a HAB was detected on the Pacific coast of
Nicaragua, with a maximum abundance of 17.3 × 106 cell L−1,
being likely that this HAB was a reflection of a major climate
event scale that covered a wide area of the Central Pacific (Chow
et al., 2010).

Toxin Profiles in Environmental Samples
Data regarding toxicity and toxin content for P. bahamense is
scarce. Only two reports on toxin profiles in natural samples
exist. The first one is from El Salvador, during a bloom in 2005–
2006 that caused human intoxications andmortality of sea turtles
(Licea et al., 2008). The second report is from phytoplankton
samples of a HAB in the coast of Guerrero, Mexico in 2010.
Sulfocarbamoyl analogs dominated (>80mol%), followed by STX
and GTX3, with a contribution of 12.0 and 6.8 mol%, respectively
(Gárate-Lizárraga et al., 2012).

In 1987, during a HAB in Guatemala, the clam Amphichaena
kindermanni presented mainly B1 toxin, accompanied by small
amounts of STX and NEO (Rodríguez et al., 1990). The net
toxicity calculated from the concentrations of these three toxins
corresponded to 7,500mg STX dihydrochloride 100 g−1; 93.7
times above the maximum level for most regulations in Latin
American countries that limits PSTs content at 80 µg STXeq
100 g−1 (400 MU 100 g−1) for human consumption. During
this event, 175 people were intoxicated, and 26 people died
(Rosales-Loessener, 1989).

In 1991 and 1993, in Uruguay, toxin profile of M. edulis was
linked toHABs of this species. Themollusk presented C1/2 (up to
53 mol%), with significant amounts of GTX2/3, and STX, while
D. hanleyanus presented decarbamoyl analogs, mainly dcGTX2
(∼63 mol%) (Méndez et al., 2001).

In Mexico, most of the human intoxications related with this
species have been due to the consumption of diverse bivalve
species (Saldate-Castañeda et al., 1991; Cortés-Altamirano et al.,
1993; Gárate-Lizárraga et al., 2012). In 1995, in BACA, STX,
GTX2, dcGTX2/3, dcSTX as well as B1 were reported in the
oyster C. iridescens (Núñez-Vázquez et al., 2007a). In 2010, a
dominance of sulfocarbamoyl analogs (59 mol%), mainly B1/2
and C1, followed by STX (12%) and GTX3 (6.8%) were recorded
in C. mexicana, in the same bay (Gárate-Lizárraga et al., 2012),
with toxin concentrations ranging from 579.0 to 894.7 µgSTX
100 g−1. In 2001, in the coasts of Chiapas, STX, NEO, GTX2/3, B1
were detected inD. gracilis, and STX, GTX2/3 and B1 inM. capax
(Núñez-Vázquez et al., 2007a). No data on toxin concentrations
were given.

During a bloom in Nicaragua, 45 people developed symptoms
of PSP with one fatal case in 2005. The toxin profile of A.
tuberculosa presented STX as the dominant toxin with small
quantities of NEO and B1 (Callejas et al., 2015).

Molecular Studies
Limited genetic information exists regarding P. bahamense.
Morphological differences, as well as the LSUrDNA sequences
were analyzed in vegetative cells and cysts of both varieties:
compressum and bahamense, from distinct geographic regions
such as Jamaica, Puerto Rico, Guatemala and Colombia (Mertens
et al., 2015). No morphological differences between vegetative
cells of the isolates were found. Cyst morphology, however,
showed differences between specimens from Indo-Pacific and
Atlantic-Caribbean regions. Results agreed with ribosomal
sequences, where a distinct ribotype was identified for each
geographical region. Based on these results, the authors suggested
that it is a species complex.

As many other dinoflagellates, this species has
bioluminescence capacity. Molecular diversity based on 18S
rRNA and on the luciferase gen (lcf ) was examined, using single
cell isolates from Florida, USA and Puerto Rico. Phylogenetic
analysis revealed that all sequences clustered together and were
closely related to Alexandrium spp. With lcf sequences from
Florida and Puerto Rico, two distinct clusters formed, defined
by a set of core amino acid substitutions, and the inclusion of lcf
sequences from the Indo-Pacific strain resulted in a third cluster.
Lcf sequences of P. bahamense were more closely related to
Pyrocystis spp. than Alexandrium spp. suggesting a much greater
variation than that seen in bioluminescent species with known
gene variants (Cusick et al., 2016).

Alexandrium Species
One of the most studied harmful algal blooming genera
worldwide is the genus Alexandrium. More than 30 species
have been defined and at least half of them are known to
be toxic or have harmful effects (Anderson et al., 2012).
Three different families of known toxins are produced by
species of this genus: STX, spirolides, and goniodomins.
In LAm this genus is widely distributed (Figure 2), and
several toxic species have been reported: A. catenella, A.
minutum, A. monilatum, A. ostenfeldii, A. tamarense, and
A. tamiyavanichi. There are also reports of A. peruvianum,
however Kremp et al. (2014) proposed that A. peruvianum
should be considered as a synonym of A. ostenfeldii due to
inconsistent morphological and gradual genetic divergence of
groups, together with no evidence of compensatory base changes
indicating reproductive isolation (Kremp et al., 2014). For the
purpose of this review A. peruvianum is considered as a synonym
of A. ostenfeldii.

HABs of Alexandrium are mostly reported in South America
and the main responsible species are A. catenella (Chile) and A.
tamarense (Uruguay, Argentina). The intensity and frequency of
these HABs have increased since 1990, causing severe economic
losses in the fishing and aquaculture sector (Álvarez et al.,
2009; Menezes et al., 2010; Aguilera-Belmonte et al., 2011, 2013;
Mardones et al., 2015).

A total of 350 cases have corresponded to the consumption
of seafood associated with HABs caused by Alexandrium species
in South America (Table 1). Chile is the most affected country;
HABs in this area have also caused massive mortalities of

Frontiers in Marine Science | www.frontiersin.org 14 February 2019 | Volume 6 | Article 42229

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Band-Schmidt et al. PTP Dinoflagellates in Latin America

invertebrates, fish, both wild and cultivated, as well as seabirds
and whales.

Bloom Dynamics
Chile
In Chile, the main Alexandrium species reported is A. catenella.
From 1972 to 1994, outbreaks in the MAGR and Aysén regions
(AYSR) were attributed to this species. HABs have increased in
their frequency, extension, duration and intensity (Guzmán et al.,
2002, 2010). Until this date the distribution limits of this species
were: Cailin in the southern sector of Los Lagos region, and in
the north Seno Ponsonby, in the MAGR. In October 1972, after a
period of high irradiance and thermohaline stratification, a HAB
lasted for 5 weeks, with densities from 2.4 to 6 × 105 cell L−1

at the surface, and 157 × 102 and 3201 × 102 cell L−1 in the
sub-surface layer (5–10m), respectively. The same hydrographic
conditions were recorded in Bahía Bell in 1973, when this species
bloomed. In subsequent years (1972–1994) HABs continued
emerging (Guzmán et al., 2002). The authors suggested that
blooms occurred in response to global changes related to El Niño,
which causes a decrease in salinity and stronger stratification,
proposing that blooms are related to the terminal period of La
Niña and the initiation of intense El Niño episodes. The authors
concluded that this dinoflagellate is able to bloom under calm
conditions, high insolation and a stable water column.

There is a list of data of HABs of this species from 1994
in the MAGR, with maximum abundance values of 30,902 cell
L−1, and in the AYSR of 5,808 cell L−1. Cells are found from
spring to autumn, when high temperatures trigger the blooms
(Guzmán et al., 2002). From 1993 to 1998, also in AYSR,
several dinoflagellates were identified, including A. catenella.
Temperature ranged from 5.2 to 16.2◦C; the lowest temperatures
were recorded in 1996, and the highest in 1994 and 1998. HABs
coincided with a temperature from 11 to 14◦C, mainly between
December and April, being more frequent in February (Cassis
et al., 2002). Data suggested that 1998 was an anomalous year that
presented an extensive HAB that covered the entire south of the
country in March, overlapping with positive anomalous values.
This event caused 20 human poisonings, two fatalities and losses
of over USD 10M to the salmon industry (Mardones et al., 2015).

From 1995 to 2002, several outbreaks with marked seasonality
were reported in internal waters of the NW Patagonia (Molinet
et al., 2003). Blooms occurred mainly from January to March,
with a tendency to expand its distribution northwards. These
events were attributed to the presence of cysts banks, and
associated to thermal oscillations in adjacent ocean waters that
affected the circulation in inland waters. Cyst dispersion was
associated to the drift of surface waters, caused mainly by winds
and circulation of inland waters (Molinet et al., 2003). Also,
the structure of the water column suggested that these HABs
originated from the mixture of Antarctic and sub-Antarctic
surface waters, derived by wind action. Cyst germination is
considered relevant in the recurrent HABs in inland seas, as
well as in the fjords and MAGR channels (Uribe et al., 2010).
In 2005 and 2006, another bloom in the X region occurred at
12◦C (Fuentes et al., 2008). Data suggested that stratification

conditions favored dinoflagellates growth and coincided with the
presence of PSTs (Díaz et al., 2014).

In March 2009, a HAB covered a wide geographical area from
46◦ to 43◦ 45′ S. During late February in Easter Island, this
dinoflagellate reached a maximum of 2230 cell mL−1; in March,
in the same geographic region it reached 12 × 102 cell mL−1,
and in Cuptana 6 × 103 cell mL−1. These data demonstrated
an expansion of the northern distribution of this species with
respect to their historical distribution range, being the first record
of A. catenella in oceanic waters of the Pacific coast SE outside
Chiloé Island. The new distribution suggested a cell transport
toward inland waters through Chacao channel. Cells probably
also reached Chiloé water fjord and channels, by oceanic water
masses (Mardones et al., 2010). Northern distribution of this
species continues expanding, during the last intense bloom of
A. catenella, in the late summer of 2016, PSP-affected areas
reached for the first time as far north as Los Ríos (39◦S)
(Hernández et al., 2016).

In the Southern Austral Ecosystem, this species was associated
to temperatures between 9 and 13◦C and salinities of 28 and
33 (Cruzat et al., 2018), with higher abundances at 10◦C. The
high genetic diversity in terms of population differentiation
suggested a possible recent dispersion. Many factors could be
influencing this dispersion, as the frequent use of transportation
related with aquaculture operations, ocean currents, and natural
dispersion. In the AYSR there has been a tendency of intense
HABs in summer. Cysts play a key factor for repopulation during
spring-summer and they can be re-suspended by the advection
of the water column (Pizarro et al., 2018). In southern Chile
fjords, resting cyst of A. catenella are sparce and there have
been doubts on their importance in the recurrence of massive
toxic dinoflagellate blooms in the region. Mardones et al. (2016)
under laboratory conditions demonstrated with strains isolated
from this region that moderate vegetative cell abundances (>400
cell mL−1) can produce high amounts of cysts which have a
short dormancy period (minimum 69 days). These results are
in agreement with the finding by Díaz et al. (2014) of empty
cysts found a few months (∼3 months) after a bloom event,
representing less than 10%. Mardones et al. (2016) suggest
that the short cyst dormancy for Chilean strains explains the
rapid cyst depletion from the sediments of the inner fjords.
However, dense cyst aggregation cysts can be accumulated and
preserved in selected areas of the fjords. Authors point out the
need to investigate the oceanographic conditions that lead to
massive outbreaks.

Argentina
In the Argentine sea,A. tamarense is themost frequently reported
harmful dinoflagellate species. During 1980–1984, several HABs
of this species were reported. In 1980 a high abundance (1.8× 106

cell L−1) restricted to a hydrographic frontal system was found
outside PVAL, characterized by high nutrients and turbulence
(Carreto et al., 1985). The initial outbreaks expanded widely, and
covered most of the Argentine coasts, in the frontal area, where
vegetative cells, cysts, and high levels of toxicity are found. Also, a
decoupling zooplankton-phytoplankton arrangement was found,
being the main predator the dinoflagellate Polykrikos schwartzii
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(Carreto et al., 1985). In 1981, a HAB lasted 4 months (September
to December), and was also restricted to a frontal system. In
areas with stratified waters, cysts were found in sediments and
were re-suspended during the mixing of the water column. Also
seedbeds of hypnozygotes were observed which are known to
serve as dispersion centers and increase the extension of toxic
areas (Carreto et al., 1985). In 1995, during an annual cycle, cysts
were found most of the year in coastal waters in MPlat (151–
2758 cysts cm−3) (Carreto et al., 1998a). In situ germination was
the main source of vegetative cells that were initially found in
August at 30m (80 cells L−1) depth and in September at 0m (15
× 103 cells L−1). A broad temperature range was recorded, from
9◦C to 20◦C in summer, during a well-developed thermocline.
It has been suggested that the presence of vegetative cells in
winter could be attributed to the biological mechanism that
controls cyst germination before temperature rises (Carreto et al.,
1998a). A retrospective analysis of HAB and toxicity concluded
that most records of this species occur in a wide coastal strip
from 34◦ to 47◦ S at a depth between 50 and 100m. Maximum
abundances are reported in the frontal system of the Patagonian
tidal region. Advection transport from external waters toward the
coast explained the accumulation of cells in the intertidal zone.
The Patagonian current contributed to the northward spread of
cysts, the thermocline, hydrographic fronts and ocean currents
were also key factors for their growth and distribution (Carreto
et al., 1998a).

In Golfo Nuevo (GNVO) this species was recorded in August
1995 (Gayoso, 2001), at a lower temperature (9◦C), with a
peak in September of the same year of 6.1 × 103 cell L−1.
Cysts were recorded in surface sediments (300 cysts cm−3).
Heavy precipitation in winter and high solar radiation during
spring could have influenced the formation of HABs. However,
during blooms in July and December 2000, with a maximum
abundance of 21.8 × 103 cell L−1, and temperature from 9
to 12.5◦C, a multiple linear regression of the cell abundance
with environmental variables (solar radiation, temperature, wind
speed, rainfall, and nutrients), did not show a high correlation
(Gayoso and Fulco, 2006), remaining to determine the factors
that influence its blooms in this region.

Waters in the north coast of the Patagonian region, are
ecosystems poor in nitrates (Montoya et al., 2010). On the other
hand, phosphate concentrations are relatively high throughout
the year, reason why the N:P ratio is heavily imbalanced
with respect to the Redfield ratio. On the contrary, nitrate
concentration is high in the sub-Antarctic waters and the
Patagonian current mainly in southern latitudes, where N
limitation was not found during summer. Therefore, it is
assumed that the nutrient ratio and cell toxin content from
natural populations of A. tamarense are correlated with the
availability of nutrients in the southern region of South
America, and the toxin content is inversely correlated with
water temperature.

Other Alexandrium species, such as A. catenella, A. excavatum
and A. ostenfeldii have been reported in Argentina. During
spring/summer of 1980 PSTs were detected for the first time
in GNVO (Esteves et al., 1992). The responsible species was A.
excavatum, with abundances from 7.5 × 105 to 3.1 × 103 cell

L−1 during an upwelling event. The SST was 15◦C and prevailing
winds were from the SW (>20 km h−1). In late December
northern winds dominated, the average temperature was 18.3
± 0.9◦C and salinity was 33.9. Nitrate concentration remained
constant, 0.3 ± 0.1 µg-at L−1. However, in February nitrates,
phosphates and ammonium raised to 1.9, 7.1, and 9.3 µg-at
L−1, respectively.

In the Beagle Channel, during 2006 and 2007 A. catenella,
A. tamarense and A. ostenfeldii were observed (Almandoz et al.,
2011). Temperature ranged from 4.9 to 10.1◦C, and salinity from
30.7 to 31.2. In 2006, nitrate and phosphate were higher in
winter (15.2 and 1.4µM, respectively). The highest abundance
of A. tamarense was detected in spring 2006 with 11.7 ×

105 cell L−1 (Almandoz et al., 2011). Outbreaks in the Beagle
Channel of this dinoflagellate, have been proposed to have a
relationship with the decrease in the ozone layer (Benavides et al.,
1995). In the same region, in July 2005 and December 2006,
A. ostenfeldii had a low abundance (5860 and 3850 cell L−1,
respectively). Temperature and salinity varied between 7.5 and
10◦C and 30–30.5. Considering the apparent absence of records
of this species in the Antarctic waters, the Beagle channel is
considered as the most southerly distribution of A. ostenfeldii
(Almandoz et al., 2014).

Other Latin American Countries
In El Salvador, in September 2014 an intense HAB of M.
cf. polykrikoides co-occurred with Alexandrium cf. globosum.
Fish deaths were reported and attributed to M. polykrikoides
(Alvarado et al., 2015).

In the Pacific coast of Colombia, in Bahía Tumaco and in
the island Gorgona, in April/May 2001, an A. tamarense bloom
with maximum abundances of 7.5 × 106 cell L−1 occurred
(García-Hansen et al., 2004). A year afterwards, in March 2002,
another event was recorded from northern Cabo Corrientes to
Bahía Solano, with a lower abundance (1.6 × 106 cell L−1). In
both occasions, temperature was between 24 and 24.6◦C, and
salinities between 33 and 34. These parameters were abnormal,
since temperature was three degrees lower and salinity was 2.5
higher than the average for this region. The authors assumed that
these conditions reflected upwelling events, and suggested that
this could be a recently introduced species.

In Venezuela, A. tamarense was recorded forming HABs since
1972, during March and June with abundances of 1 × 106 cell
L−1. Cells were also detected in mussel’s viscera, in raft-cultures
in the Gulf of Cariaco. In 1975, in April-March, this species
proliferated with other dinoflagellates. This HAB was associated
with the predominance of trade winds that influenced the water
circulation, causing coastal upwellings. Another bloom occurred
in the NW coast of island Margarita in May 1977, intoxicating
171 people.

In February 2010 and May 2014, in Peruvian shellfish
extraction areas, HABs of Alexandrium were reported. In May
2012 A. ostenfeldii bloomed at a temperature between 18 to 23◦C,
phosphate concentration ranged from 0.7 to 11.6µM and nitrate
concentrations from 0.8 to 9.8µM. In 2015, A. minutum was
reported for the first time off the coast of Peru, with a maximum
abundance of 16 × 106 L−1, suggesting that this species was
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transported by ballast water or that its presence had not been
detected previously (Baylón et al., 2015).

In Brazil, the distribution of A. tamarense apparently
expanded into the southern hemisphere during the last two
decades. The first HAB was documented in 1996 (Persich et al.,
2006). Through satellite images, a cold water front that moved
from northern Uruguay to Brazil was detected, which may
have been the transportation vector. The high similarity among
toxic profiles of Alexandrium strains from Brazil and Uruguay,
suggested a Uruguayan origin of the Brazilian strain. Also,
the low number of cysts in Brazilian sediments supported the
hypothesis of a recent dispersal from Uruguay. The authors
concluded that the southern Brazilian coastline may have
experienced additional outbreaks of PSP originated from local
cyst germination or by recent populations that were transported
by the Uruguayan coastal current (Persich et al., 2006). In 2007,
A. minutum was registered on the coast of Río de Janeiro, with
abundances from 4.3 × 105 to 1 × 102 cell L−1; cysts were also
registered (Menezes et al., 2007).

In Uruguay, frequent HABs of A. tamarense were registered
during the 90s. From 1991 to 1993, recurrent blooms were
reported in early spring, near La Paloma, with abundances of 80
× 103 cell L−1. In the coastal area, in a transition zone between
the stream and theMalvinas current, abundance was of 355× 102

cell L−1 with a SST from 11 to 15◦C (Méndez et al., 2001). A wide
and strong thermal-saline front during spring-winter coincided
with the HABs; blooms initiated when the discharge of the Río
de la Plata decreased, as well as the front of the Falklands current
(Méndez et al., 1996). From 1991 to 2004, HABs of A. tamarense
and G. catenatum have been reported, blooms of Alexandrium
occurred at abundances of 10 × 103 cells L−1, temperatures
between 11 and 14◦C, and salinities of 32.2.

Toxin Profiles in Environmental Samples
Alexandrium catenella

Paralytic toxins have affected∼35% of the Southern Pacific coast
of Chile (Oyaneder-Terrazas et al., 2017). In 1996, samples of the
mussel M. chilensis from the regions XI and XII, were analyzed,
and in general they showed a molar dominance of GTX analogs,
with a dominance of GTX2/3 in samples collected in the XI
region, whereas GTX1/4 were the major analogs in the XII region
(Lagos et al., 1996). The more potent analogs STX and NEO
represented, together, 12 and 16 mol%, for the XI and XII region,
respectively. A clear contrasting pattern was observed for the XII
region when comparing M. chilensis profiles between years with
a dominance of STX and NEO (45–46 mol%) in 1992 (Lagos
et al., 1996). In several bivalves collected in 2012 in the AYSR
(Region XI) a clear dominance of GTXs analogs was evident in
most bivalves (García et al., 2015). Record toxicity values have
been found in the AYSR with maximal values oscillating between
22,000 and 28,340 µg STX eq 100 g−1 (Guzmán et al., 2002;
Molinet et al., 2003).

Compartmentalization of PSTs showed that GTX analogs are
mainly found in the digestive tract. The case of M. chilensis
is relevant since in the adductor muscle 99% (in molar basis)
NEO was found, whereas in the mantle and digestive glands,
GTX1/4 were detected. In a recent study of the PSTs content

in regulated and non-regulated aquatic organisms from regions
with a variable presence of A. catenella (Oyaneder-Terrazas et al.,
2017), the analogs GTX1/4, GTX2/3, NEO, dcSTX, STX were
detected. Dominant analogs in rocky strata-dwelling species were
58.8 mol% STX, followed by 15.4 mol% GTX2/3, 4.8 mol% NEO,
and 3.3 mol% dcSTX; while in sandy bottom-dwelling species,
77.7 mol% of GTX2/3 were detected, 19.3 mol% STX, 2.1 mol%
NEO and 0.9 mol% dcSTX. Data clearly showed the variability
of toxin profiles in this zone and that this variation is not only
associated to the sampling season, but also to the distinct basal
analogs produced by this dinoflagellate as reported previously
(Varela et al., 2012) and the bivalve species.

In phytoplankton samples, sulfocarbamoyl toxins C1/2 and B1
represented 70% in molar basis of the total analogs, followed by
carbamoyl analogs GTX1/4 (24 mol%), contributing in smaller
proportions GTX2/3 (≈3 mol%). NEO, STX, dcGTX2/3 and
dcSTX were found in trace levels. Cell toxicity was estimated
in ≈15 pg STXeq cell−1 (Oyaneder-Terrazas et al., 2017). The
authors pointed out that this was a characteristic toxin profile
for species blooming during January and March in the austral
fjords of Chile. In other seasons the toxin profile differed,
for instance, toxin profiles in spring predominantly had, in
molar basis, β-epimers (C2, GTX4, GTX3), and in autumn α-
epimers (C1, GTX1, GTX2) (Oyaneder-Terrazas et al., 2017),
which is a bit surprising since it has been proven that these
enantiomers do not reflect the original composition in plankton
due to their easy epimerization under extraction and analytical
conditions (Bustillos-Guzmán et al., 2015). Size fractionated
plankton samples obtained from the XI region of Chile only
presented sulfocarbamoyl analogs C1/2 in concentrations <0.7
ng µL−1 (Pizarro et al., 2018). The authors pointed out the low
abundance of A. catenella during the cruise. In autumn, during
an exceptional toxic event in the Beagle Channel in 1991/1992,
the cell toxicity was calculated, also via mouse bioassay, to be 325
pg STXeq cell−l (Benavides et al., 1995).

In El Rincón, Argentina in 2015 during a bloom of
Pseudonitzschia, cells ofA. catenella andA. ostenfeldiiwere found
in low numbers (up to 1 × 103 cell L−1). Phytoplankton net
tows (NT) samples presented PST in low concentrations ranging
between 114.4 ng NT−1 and 2593.8 ng NT−1. Toxin profiles were
dominated by GTX1/4; C1/2 and GTX2/3 were also detected
(Guinder et al., 2018).

Alexandrium tamarense

In Argentinian coasts, based on historical data and on shellfish
toxicity, it was suggested that A. tamarense could grow
offshore and that cells were transported inshore toward shellfish
populations. This phenomena also occurred in the Uruguayan
coast, where shellfish reached toxicity values between 80 and
10,000 µg STXeq 100 g−1, whereas in the Argentinian coast
the toxicity values were higher, with exceptional values up
to 50,000 µg STXeq 100 g−l (Carreto et al., 1998b). Toxin
profile in phytoplankton samples during a bloom from MPlat
to Bahía Grande, were dominated by GTX1/4 analogs (from
69.1 to 93.6 mol%), with an exception of a sample from MPlat,
where GTX2/3 represented 88.5 mol% (Montoya et al., 2010).
Sulfocarbamoyl toxins (C1/2) were scarce, and their contribution
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was <8.5 mol%. Cell toxicity varied between 9.8 and 93.0 pg
STXeq cell−1. Toxin profiles contrasted with those obtained from
culture strains, where sulfocarbamoyl analogs represented >60
mol%. Therefore, cell toxicity from field samples, in general,
was higher when compared with cultured strains (1.8–10.3
pg STXeq cell−1) grown in nutrient replete conditions. These
results were confirmed with NT samples from the Argentinian
coast containing A. tamarense cells and minor quantities of A.
aff. minutum, which again showed a higher concentration of
GTXs (Fabro et al., 2017). Gonyautoxin concentrations (GTX1/4)
ranged between 0.3 and 1104 ng NT−1 and GTX2/3 ranged
between 0.1 and 31.7 ng NT−1. Cell quotas of total GTX
estimated for A. tamarense species complex plus A. minutum
were <0.8 pg cell−1. N-sulfocarbamoyl toxins (C1/2) were also
detected at low concentrations. The high potency carbamoyl
analogs STX and NEO were the least frequent analogs (Fabro
et al., 2017).

Mussels (M. edulis) were sampled during two blooms, in
spring and autumn. In both occasions, the toxin profile in
mussels was dominated by GTX1/4 and to a lesser extent by
C1/2 that constituted >80 mol% (Carreto et al., 2004). However,
toxin profile changed according to themussel toxin content. Thus
whereas GTX1/4 represented more than 60 mol% during the
maximum toxicity and detoxification rate period, an important
increase of STX and GTX2/3 was observed at a low toxin content.
Toxin profile changes reflected the compositional shifts resulting
from differential toxin retention and toxin bioconversions within
the mussel (Oshima, 1995). Maximum values of toxicity in the
mussel were between 450 and 500 µg STXeq 100 g−1.

Other Alexandrium Species
In Trinidad and Tobago, PSTs were first reported in
1999 in the mussel Perna viridis from Chaguaramas
(Yen et al., 2004). STX, dcSTX, GTX1/4, GTX2/3 and
dcGTX2/3 were detected, with the last three toxins
being the most abundant. During 2000, STX, dcSTX,
NEO, GTX2/3, and dcGTX2/3 were detected, with the
last three analogs in the highest concentrations. No
causative organism was identified. Known PSTs-producing
dinoflagellates in this region are A. catenella, A. tamarense,
G. catenatum, and P. bahamense (Heileman and Siung-
Chang, 1990; Sánchez-Suárez and Troncone-Osorio, 1994;
La Barbera-Sánchez et al., 2004).

Although A. minutum has been reported in Peru and
Argentina, to our knowledge, no further toxin research on this
species has been performed. In Brazil only one bloom in the coast
of Río de Janeiro in 2007 was analyzed, being NEO (73.8 mol%),
GTX2/4 (22.6 mol%), and STX (3.6 mol%) the reported toxins
(Menezes et al., 2007).

In the northern coast of Chile, phytoplankton toxin profiles
related to Alexandrium blooms did not present PSTs (Álvarez
et al., 2009). However, the mollusks Semimytilus algosus and
Argopecten purpuratus presented low quantities of PSTs, between
27.5 and 34.4µg STXeq 100 g−1 (determined bymouse bioassay).
The toxin profile was characterized by the presence of C2
and GTX2/3 in both bivalves, concluding that A. catenella was
unlikely to be the responsible species for these PSP events.

Autoecological Studies
Few strains of the genus Alexandrium have been isolated and
autoecological studies of the group are scarce in LAm (Figure 3).
Since Chile has been historically adversely affected by their
blooming off its coasts, it is in this country where most of studies
have been performed, followed by Argentina and Brazil.

Alexandrium catenella

The effect of temperature, salinity, L:D cycle, cyst or vegetative
strains, and nutrients on the growth of A. catenella from diverse
regions of Chile have been determined (Table 4) (Navarro et al.,
2006; Aguilera-Belmonte et al., 2011, 2013; Ávila et al., 2015).
In general, this species tolerates temperatures between 10 and
16◦C, producing cell concentrations above 50,000 cell mL−1 at
15◦C with growth rates from 0.54 to 0.73 div day−1 (Navarro
et al., 2006; Aguilera-Belmonte et al., 2011, 2013); indicating
that growth is temperature-dependent. Studies for the same
species from other geographical sites have reported a higher
optimal temperature for growth 20–25◦C (Siu et al., 1997), the
optimal temperature in this study being 14◦C demonstrated
its great capacity of this species to adapt to a wide range
of temperatures. Maximum biomasses are reached between 15
and 65 days; this wide time difference could be related to the
L:D cycle used in the different culture conditions or could be
inherent to strain differences (Table 4) (Navarro et al., 2006;
Aguilera-Belmonte et al., 2011, 2013). Their salinity tolerance
is also wide; growing under laboratory conditions at salinities
from 15 to 35. Chain formation was observed mainly during
the first week of culture, reducing their presence (>7%) when
cultures reached ∼5,000 cell mL−1 (Navarro et al., 2006).
With these studies, a wide range of tolerance to salinity and
temperature was proved, which helps explain, at least partially,
its ecological success.

The effect of temperature on the cell dry weight was also
determined. Maximum biomass was inversely proportional to
temperature, with values of 117.3 ± 0.9, 120.3 ± 3.2, 90.9 ± 0.6
and 23.3± 1.4µgmL−1 at 10, 12, 14, and 16◦C, respectively, with
a direct relationship between cell dry weight and cell abundance.
Cell dry weight was greater in the initial phase, decreased during
the exponential phase, and increased again toward the terminal
phase. The highest values for individual cell dry weights were
obtained at 14◦C (9.6 ± 1.1 ng cell−1, day 3) and at 10◦C (9.5
± 0.9 ng cell−1 day 3). The lowest were obtained at 12◦C (5.9
± 0.3 ng cell−1, day 3) and at 16◦C (5.8 ± 1.7 ng cell−1, day
6). The authors suggested that the increase of cell weight during
the growth phase could be explained by the presence of thecae of
dead cells that added to the total weight of the culture and also to
the increase in cell size (Navarro et al., 2006).

These results suggested this species has also a wide photo-
acclimation and that it presents a lower range of thermal
tolerance in relation to strains from other geographic regions.
The optimal temperature range correlated well with ambient
water temperatures in southern Chile, in which important
blooms have been reported. Noteworthy differences have
been detected in growth among populations from different
geographical origins obtained from the same toxic event,
concluding that abiotic factors can differentially affect the
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population dynamics of toxic genotypes, making it extremely
difficult to predict the ecological behavior of this species in the
field in terms of the intensity of a potential outbreak (Aguilera-
Belmonte et al., 2011, 2013).

In 2015, Ávila and collaborators evidenced the effects of
salinity, temperature, photoperiod and nutrients in cultures
established from cysts. Cysts were isolated from Punta Yenecura,
Los Lagos region, in Chile. Different experiments were
designed, and only one parameter was tested at the time
(salinity, temperature, photoperiod, nutrients) (details in
Table 4). Maximum biomasses were never above 4,000 cell
mL−1 and was reached between 28 and 51 days of culture;
maximum abundances were found at 10 and 15◦C and
salinities of 30-31 with growth rates from 0.12 to 0.18 div
day−1. No clear effect of the L:D cycle was observed on cell
abundance, whereas growth rate was higher at 16:08 and
08:16 L:D. Higher abundances where obtained with L1 and
L1/2 media, but where much lower than biomasses obtained
with strains obtained from vegetative cells in other studies.
This difference could also be explained by the lower light
intensity used (Ávila et al., 2015) (Table 4). With strain
crosses obtained from cysts collected in Los Lagos and AYSR
during the massive HAB event, Mardones et al. (2016) using
the same medium with and without N, and higher light
intensities also obtained high growth rates (0.36 and 0.52 div
day−1) (Table 4).

There is only one report of allelopathy regardingAlexandrium
species from LAm. This study was performed with a strain of
A. catenella from southern Chile (Arzul et al., 1999). The
allelopathic and hemolytic effect of this, and other toxic
Alexandrium species from Europe and Asia were determined
on Gymnodinium mikimotoi, Scrippsiella trochoidea, and
Chaetoceros gracile. Filtrates of A. catenella reduced the
growth of G. mikimotoi and C. gracile, particularly in the
exponential phase of culture, which was related with toxicity
and haemolytic activity. No effect on S. trochoidea was observed.
This information supported the environmental observations,
where blooms of the later usually follow a PSP outbreak caused
by A. catenella (Arzul et al., 1999).

Alexandrium tamarense

The growth rate under different N and P regimes in A. tamarense
from MPlat was determined. The strain was compared with
strains of A. tamarense, A. minutum, and A. anderssoni from
Spain. The Argentinian isolate presented the lowest affinity for
P. The half saturation coefficient (Ks) and the P concentration
to which the specific culture cell growth rate was zero (Kmin)
under P limitation were 1.68 and 0.48, respectively, which were
higher than the Ks and Kmin of the other strains. The lower
affinity for P indicated that the Argentinian isolate has a lower
competitive ability under P limitation. The average abundance
for this strain under non-nutrient limitation was 1,924 cell mL−1,
with growth rates from 0.22 to 0.28 div day−1 (Table 4). These
values were also lower than those reported previously for A.
catenella, with the exception of a strain obtained from cyst
germination (Frangópulos et al., 2004).

Other Alexandrium Species
Another study reported a negative experimental effect on
copepod nauplii larvae, and larvae of gastropods and tintinnids.
Exudates of A. tamiyavanichii decreased the survival of copepod
larvae, suggesting that the dinoflagellate has an impact on the
trophic chain (Silva et al., 2013).

Toxin Profiles in Alexandrium Species
Under Laboratory Conditions
Several studies on toxin profiles have been performed with
Alexandrium species in LAm, mostly in countries where the
blooms of species of this genus are common and are an important
threat for the economic activities.

Alexandrium catenella

This species is particularly important along the Chilean coasts,
and many research groups have performed toxin analysis in
cultures for more than one decade. Data from toxin profiles,
toxicity and toxin content are available in Tables 5, 6, and the
origins of the isolates are indicated in Figure 3.

One of the first autoecological studies performed in LAm was
done to determine the role of temperature in growth rate, cell
density and toxicity (Navarro et al., 2006). Cells of A. catenella
isolated from the AYSR were cultured in L1 medium at four
temperatures: 10, 12, 14, and 16◦C. Toxins were extracted with
0.1M HCl and later HCl 1M was added. Toxicity was measured
using patch clamp electrophysiology with human embryonic
kidney cells expressing STX-sensitive rat skeletal muscle NaV
channels. Toxin content was variable during the experiment, but
an inverse relationship was noted between temperature and toxin
content, with the highest toxin content found at 10◦C, and the
lowest at 16◦C. According to Cembella (1998), low temperatures
contribute to higher PSTs levels, making Alexandrium strains
from higher latitudes more toxic, which is probably related to
effects on metabolic processes (Navarro et al., 2006).

Among the toxinological studies performed on Alexandrium
species in LAm, Brazilian isolates have been analyzed. Persich
et al. (2006) worked on Alexandrium isolates and reported the
species as A. tamarense, but later molecular studies confirmed
them as A. catenella (Menezes et al., 2018). Five isolates were
cultured from cysts and one from vegetative cells, in f/2 medium
at 20◦C. Toxins were extracted with 0.05M acetic acid and
analyzed by LC-FLD with post-column derivatization. Toxin
content ranged from 42 to 199 fmol cell−1 and toxicity varied
between 7.1 to 65.9 pg STXeq cell−1, except for the culture
originated from vegetative cells, which showed higher toxicity,
mainly due to the higher GTX4 content (Persich et al., 2006).

Krock et al. (2007) analyzed the toxin composition of an
isolate from the coastal Channel, XI Region of Chile. Toxins
were extracted in 0.03M acetic acid and analyzed by LC-FLD
and LC-MS/MS. For the first time both techniques were used for
comparison and precision. Detected toxins were C1/2, GTX1/7,
B1, GTX2/3, NEO, and B2, in descending order according to their
concentration. STX, dcSTX, dcGTX2/3, and C3/4 were present
only in trace amounts (<1 mol%). Alexandrium catenella is
considered the predominant, or even exclusive, source of PSTs in
central Chile, and its toxin profile agreed with other profiles from
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TABLE 6 | Toxin content of cultured Alexandrium under laboratory conditions.

N Origin Culture media Toxicity

(pg STX eq cell−1)

Toxin content

(fmol STX cell−1)

References

A. catenella

1 Morlaix river, Fr f/2 0.5 Arzul et al., 1999

1 Canal Costa, Ch 1.39

1 Onagawa Bay, Jap 7.2

1 Aysén region, Ch L1 27.8 (10◦C) Navarro et al., 2006

1 Aysén region, Ch 13.3 (12◦C)

1 Aysén region, Ch 7.82 (14◦C)

1 Aysén region, Ch 3.5 (16◦C)

1 Aysén, Ch f/2 5–8 Uribe et al., 2008

7 South Chiloé to south Aysén, Ch L1 8.5–96.9 Aguilera-Belmonte et al., 2011

7 Los Lagos, Ch (cysts) Max: 63.65; min: 3.51 42.6–295.5 Varela et al., 2012

2 Aysén, Ch (cysts) 41.6–235.9

3 Aysén, Ch (veg. cells) 41.1–79.0

2 Magellan, Ch (veg. cells) 64.5–67.2

3 Aysén, Ch L1 Min nd (10◦C, 15 and 35 sal)

Max 239 (10◦C and 35 sal)

Aguilera-Belmonte et al., 2013

1 Los Lagos, Ch Min 8.54 (15◦C and 35 sal)

Max 95.8 (10◦C and 35 sal)

A. tamarense

1 Mar del Plata, Arg Carreto et al., 1996

6 Patos Lagoon, Bra f/2 7.1–65.9 42–199 Persich et al., 2006

6 Golfo Nuevo, Arg f/2 1.8–6.5 13.3–35.4 Montoya et al., 2010

3 Golfo San José, Arg 1.1–5.8 17.2–26.9

1 Península Valdés, Arg 10.3 51.3

3 Mar del Plata, Arg (Nat) Natural samples 9.8–62.8 45.5–164.0

1 Península Valdés, Arg (Nat) 80.2 225.52

1 Camarones, Chubut, Arg (Nat) 86.8 228.7

1 Bahía grande Santa Cruz, Arg (Nat) 93.0 261.4

2 Golfo de San Jorge, Arg ½ K 74–60 Krock et al., 2015

A. ostenfeldii

1 Aysén, Ch L1 105.8 ± 72.2 Salgado et al., 2015

A. tamiyavanichi

1 Bahia, Bra f/2 16.9 Menezes et al., 2010

Fr, France (for comparison); Ch, Chile; Arg, Argentina; Bra, Brazil.

Nat, Natural samples (for comparison).

populations from the Pacific Ocean in the northern hemisphere
(Krock et al., 2007).

Aguilera-Belmonte et al. (2011) compared the phenotypic
and genotypic characteristics, including toxin profiles of
seven isolates from the same HAB event, but from different
geographical zones. Isolates were cultured in L1 medium at 15
± 1◦C. Toxin analysis was performed by LC-FLD on 0.05M
acetic acid extracts.N-sulfocarbamoyl analogs were detected after
hydrolysis. All isolates had different toxin profiles, but most of
them showed high proportions of GTX1/4 followed by GTX2/3.
In three out of seven isolates they reported B1, B2, and C
toxins (43 mol%). In two, NEO and STX (29 mol%) (Aguilera-
Belmonte et al., 2011), showing large intraspecific variability,
as reported within a variety of dinoflagellates, even among
clones from the same geographic area (Tillmann et al., 2009;

Seok Jin et al., 2010). In addition, they found a cosmopolitan
distribution of the morphospecies within the North American
Clade, though interesting differences were found in their toxin
profiles (Aguilera-Belmonte et al., 2011).

Research on these isolates continued, but the aim of this
study was to analyze four combined conditions: two temperatures
(10 and 15◦C) and two salinities (15 and 35). Samples were
extracted with 0.05M acetic acid. Toxins were analyzed by
UPLC-FLD, and samples from the four replicates were pooled to
cover intrinsic variability among them (Aguilera-Belmonte et al.,
2013). Toxin content varied widely among isolates, treatments,
salinities and culture age. During stationary phase, most isolates
accumulated toxins (from 1.4 to 4.5 times) compared to the
exponential phase, with three exceptions of the sixteen analyses
(19%). Concerning the toxin profile, NEO, GTX2/3 and GTX1/4
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represented more than 85 mol% of the toxin content in all strains
and culture conditions. B1 was detected only in one isolate from
the AYSR, and this analog was detected only when cultured at
10◦C. Interestingly, the highest toxin contents were reached at
this temperature (in agreement with Navarro et al., 2006) and
a salinity of 35. This isolate also presented the lowest (non-
detectable) and the highest toxin content (239 fmol cell−1) at
those culture parameters, being the culture age the only difference
(exponential and stationary, respectively) (Aguilera-Belmonte
et al., 2013). The scale of the combined effects of temperature
and salinity was not clear, and differences were found among
strains during all the experimental process, even though, two
of the isolates were apparently genetically identical at least in
their nuclear ribosomal ITS sequences (Aguilera-Belmonte et al.,
2011). Results showed differential effects of temperature and
salinity on growth parameters and toxin content, being the first
more affected by salinity and the second by temperature.

Toxin profiles research continued, and toxin profiles from
cultures originated from cysts and vegetative cells from different
Chilean zones (Los Lagos, AYSR, andMAGR) and different years
of isolation were compared. Analyses were carried out in 0.05M
acetic acid extracts and separated by LC, but the detector is not
reported. Identified toxins were STX, dcSTX, NEO, GTX1/4,
GTX2/3, B1, B2, C1-3, though STX and dcSTX were reported
only in trace amounts and not in all isolates (Varela et al.,
2012). The authors recognized two toxin production patterns in
the strains, according to their toxin profile: one constituted by
a group where analogs C1/2 accounted for most of the toxin
content (47–74%), and a second one, where GTX1/4 accounted
for the main analogs (54–87%). This second group was also
conspicuous because of the absolute absence of B1, previously
reported as distinctive for Chilean isolates (Montoya et al., 2010).
They also reported morphological, toxinological and genetic
differences among strains of this species, in accordance to other
studies that have also characterized the diversity of the species in
other regions (MacKenzie et al., 2004; Orlova et al., 2007).

A recent work from an oceanographic expedition in 2015,
reports the isolation of four Alexandrium strains from offshore
the Argentine coasts, near Bahía Blanca Estuary, south Mar del
Plata. The cells were isolated in 1/10K medium, later transferred
to 1/2 K medium flasks, and incubated at 15◦C and 50 µmol
photons m−2s−1 on a 16:8 LD photocycle. One of the four
isolates was identified as A. catenella/tamarense morphotype,
but further morphological and phylogenetic analysis conformed
to the description of A. catenella. Toxin profile from this one
culture was dominated by C1/2 (72%), GTX1/4 (15%), NEO
(9%), GTX2/3 (2%), and STX (2%) (Guinder et al., 2018).

These studies confirm that the only way to differentiate species
from the Alexandrium tamarense/fundyense/catenella complex is
by the use of molecular tools, and also, that more studies on toxin
production are needed in the area. The presence of toxigenic
planktonic species has been reported, and this indicates a hazard
for fisheries, shellfish production and harvest and for human and
animal health.

Alexandrium tamarense

Carreto et al. (1996) isolated vegetative cells from MPlat and
compared their toxin profile with the toxin profile of mussels

(M. edulis) and marine snails [Zidona angulata and Adelomedon
(Pachycymbiola) brasiliana]. Toxin profiles were analyzed in
0.1M acetic acid extracts from dinoflagellate cells by LC-FLD
with post column derivatization. They reported C1/2 toxins as
the most abundant, followed by GTX1/4, NEO, GTX2/3, and
dcGTX2/3; STX was also reported, but as a small fraction. Toxin
profiles in gastropods were highly dissimilar to those from the
dinoflagellate, confirming metabolic changes upon the ingested
toxin cell content, though all presented high toxin levels, but
mainly from STX with the exception of M. edulis that presented
mostly GTX analogs (Carreto et al., 1996). This study evidenced
the importance of toxin analysis in gastropods.

In Brazil, toxin content of isolates were determined. Five
strains were cultured from cysts and one from vegetative cells,
in f/2 medium at 20◦C. Toxins were extracted with 0.05M acetic
acid and analyzed by LC-FLD with post-column derivatization.
Toxin content ranged from 42 to 199 fmol cell−1 and toxicity
varied between 7.1 to 65.9 pg STXeq cell−1, except for the culture
originated from vegetative cells, which showed higher toxicity,
mainly due to the higher GTX4 content (Persich et al., 2006).

In 2010, a comparative toxin profile study from cultured
strains and natural populations was performed. Cultures were
established from vegetative cells isolated from MPlat, GNVO,
Golfo de San José and off Península Valdés (PVAL), and
maintained in f/2 medium at 15◦C and 12:12 L:D. At the same
time, they sampled in MPlat, close to PVAL, Bahía Camarones
and Bahía Grande. They found toxins in all isolates and in natural
samples, though those from natural samples were significantly
more toxic, and the highest toxicity was found in natural
samples from open coastal waters in comparison with semi-
enclosed water bodies such as bays or gulfs (Montoya et al.,
2010). In general, natural samples produced more carbamoyl
analogs whereas cultures produced more of the less potent N-
sulfocarbamoyl toxins C1/2. A clear correlation (r2 = 0.993)
between nitrate concentration and GTX1/4 in natural samples
was found, while GTX2/3 decreased significantly (r2 = 0.987).
Nevertheless, in culture, where nitrate concentration is higher
than in natural conditions, the production of GTXs was
considerably lower. When temperature and toxin content was
compared, an inverse linear correlation (r2 = 0.989) was found,
in agreement with previous studies on the genus.

The fact that natural populations were notably more toxic
than those in culture raises the question about the natural
factors involved, and one could be associated to bacteria (Uribe
and Espejo, 2003), and that natural conditions are far from
being imitated in culture. Also, the fact that populations from
open waters (e.g., out from PVAL) were more toxic than those
from enclosed water habitats remains enigmatic, and is probably
related to specific responses to environmental conditions
(Montoya et al., 2010). In many cases, cultured Alexandrium cells
are less toxic than those from natural environments, and they
can lose toxin production during routine culture maintenance,
which has been stated previously, and this has led to the
hypothesis that some aspects on toxin production might not
be genetically determined (Ogata et al., 1987). Nevertheless,
field samples displayed important variability just as in other
Alexandrium species and other toxin-producing dinoflagellates,
like G. catenatum. Authors stated a clear need of further research
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on toxin-producing species to reach a better understanding
on toxin metabolism, changes within culture conditions, and
significance of environmental conditions and associated bacteria
(Uribe and Espejo, 2003).

In 2012, during a research cruise, Krock et al. (2007) sampled
48 stations along the Argentinian coast. From one station, outside
Golfo de San Jorge, they isolated A. tamarense and established
two clonal cultures using half strength Kmedium, 15◦C and 16:08
L:D. PSTs were analyzed from 0.03M acetic acid extraction by
LC-FLD, according to previous methodology. Toxin profiles of
the cultures were almost identical, and consisted of GTX1/4, C1/2
and minor proportions of NEO, GTX2/3, and STX (Krock et al.,
2015). This profile has been previously reported for Argentinean
strains in culture and natural populations (Carreto et al., 1996;
Montoya et al., 2010). In comparison, toxin profiles in field
samples consisted only of GTX2/3, while this toxin accounted
for minor proportion in cultures. One possible explanation for
these results could be that a chemical conversion due to storage
conditions, since field samples were analyzed 3 months after
the sampling and were transported from Argentina to Germany,
where the analysis was performed. Nevertheless, it is interesting
that not only the lateral chain was lost in toxins C1/2 to be
converted into GTX2/3, but a dehydroxilation implying the loss
of the N-1 hydroxyl group on GTX1/4 and NEO happened, and
were converted into GTX2/3 and STX, respectively. Undeniably,
further studies are needed under controlled conditions to clarify
these processes (Krock et al., 2015).

Alexandrium ostenfeldii

During the expedition carried out in 2015 by Guinder et al.
(2018), three of the isolates were identified as A. ostenfeldii. Cells
from this species were isolated as mentioned (in 1/10K medium
and transferred to 1/2 K medium flasks and incubated at 15◦C
and 50 µmol photons m−2s−1 on a 16:8 LD photocycle). These
cultures were specifically analyzed for spiroimines and also for
PSTs (Guinder et al., 2018).

Toxin analysis from these cultured strains showed GTX2/3,
C1/2 and STX as the most abundant toxins (no percentages
reported). The three isolates produced six spirolides, being SPX-1
the most abundant (83–93% of the total). The authors reported
a novel analog, and named it spirolide M. The other four are
still uncharacterized (named “compounds 1–4”) (Guinder et al.,
2018). The novel spirolides produced by the A. ostenfeldii isolates
highlight the richness and structure variability of these toxins,
and there are probably more analogs than previously thought,
as often seen in toxin-producing plankton. This is the first
toxinological research on A. ostenfeldii at higher latitudes of the
Patagonian shelf, and the other isolated strain from a southern
geographical area (Beagle Channel) did not produce PSTs, but
only spirolides (Almandoz et al., 2014).

Nevertheless, during this expedition the PST profiles from
field plankton samples and those from the isolates did not
match. The dominant toxins in field samples were GTX1/4, while
the dominant toxins in cultures, including A. catenella and A.
ostenfeldii, were C1/2 and GTX2/3, respectively. According to
the authors, this discrepancy could be the result of a lack of
detection of GTX1/4 due to the high limit of detection (LOD) for

this epimeric pair. Other possibilities are that the profile changed
due to the growth conditions in culture or due to other PSTs
producing organisms that have not been reported in the SW
Atlantic (Guinder et al., 2018), which highlights the importance
of enhanced research in the area.

Salgado et al. (2015) studied a Chilean strain of A. ostenfeldii.
The authors analyzed and compared morphology and toxin
production of three strains from the Baltic Sea (Finland), the
Mediterranean Sea (Spain) and the Chilean coast. Strains were
cultured L1 medium with a photoperiod of 12:12 L:D and
different temperatures and salinities were tested, in a total of
nine treatments for each isolate. Paralytic shellfish toxins were
extracted with 0.05M acetic acid, and analyzed by LC-FLD.
For detection of N-sulfocarbamoyl toxins, a fraction of the acid
extract was hydrolyzed. Less polar toxins SPX and GYM, were
extracted with 100%methanol and LC coupled to high resolution
mass spectrometry (LC-HRMS) was used. Analysis showed PSP
toxins in Chilean and Baltic isolates, but no detectable amounts
in the Mediterranean strain; PSP toxin profiles were similar in
both strains but the Chilean isolate had a greater toxin content
than the Baltic strain (4.0 ± 1.9 pg cell−1). These results showed
a significant correlation of toxin content and cell biovolume;
as stated in previous studies with A. catenella from Chile, A.
ostenfeldii showed higher toxin values when cultured at lower
temperature (10◦C), also at this temperature the cell volume was
larger. In both isolates, detected toxins were GTX2/3 and STX.
Trace amounts of dcSTX were found in all treatments except
at 10◦C and at a salinity of 32, where toxin content and cell
biovolume were highest. Toxin profile and proportions did not
change significantly among treatments (Salgado et al., 2015).
Only the Mediterranean isolate produced detectable amounts
of SPX, and only the Baltic isolate produced GYM toxins.
Treatments affected mostly cell growth and toxin content, but
no changes in the toxin profile were observed. The significantly
high PSP toxin content detected in the Chilean isolate (max. 279.8
pg cell−1) suggested that this species could be more toxic than
isolates previously reported, and should be further analyzed given
the natural conditions of the region, where water temperatures
of 10◦C and salinity of 32 are common (Almandoz et al., 2014).
However, the three isolates showed great variations in toxin
profiles in all treatments, suggesting this species has a great
capability of adaptation, as reported for A. catenella. So far,
information on this species complex in LAm is still scarce and
there is a great need for more studies (Salgado et al., 2015).

Alexandrium tamiyavanichi

Only one study on A. tamiyavanichi toxin analysis has been
reported in LAm. Toxins were extracted with 0.03M acetic
acid, and analyzed with LC-FLD. Analogs STX, NEO, GTX1-
5, and dcGTX2/3 were searched for, but N-sulfocarbamoyl
toxins were not analyzed. Reported toxins were STX, NEO,
and GTX4 as the main components, followed by GTX3 and
dcGTX2/3 (Menezes et al., 2010). In their study, despite general
morphological characters agreed with those reported for A.
tamiyavanichi, they detected important variability that could also
match with the morphology of A. cohorticula, suggesting the
possibility of being a conspecific species, pointing out the need
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of genetic studies on wild and cultured populations to confirm
their taxonomic identity, given that the use of morphological
characters as the only tool for identification has caused previous
misidentifications. Their phylogenetic analysis supported their
identification as A. tamiyavanichi, even when the species has
not been reported in the Atlantic coasts of South America.
Previously A. tamiyavanichi has been reported in Asian countries
(see Menezes et al., 2010 and references therein), and the possible
explanation for this finding, given the lack of previous records
of the species, could be that it has been part of the cryptic flora
and that this zone has been part of their natural biogeography.
The report of this toxin-producing species account to four PSTs
producing dinoflagellates in the Brazilian coasts, where more
studies are needed (Menezes et al., 2010).

Molecular Studies
Molecular markers have been particularly useful for discerning
Alexandrium species when morphological traits are not
sufficient, to know the genetic diversity among populations,
or to determine phylogenetic relationships among species
geographically distant. In LAm the few genetic studies in
Alexandrium species have allowed to corroborate taxonomic
questions, biogeographic history, and changes in distribution
patterns. A classic study related with molecular phylogeny of
Alexandrium genus in North America was published by Scholin
et al. (1995). Alexandrium catenella and A. tamarense belong
to the species complex A. catenella/tamarense/fundyense; this
group has reached relevance in South America due to its impact
on fishing and aquaculture activities. The molecular markers
developed by these authors are still used to answer current
taxonomic and phylogenetic issues (Scholin et al., 1995).

The first attempt to obtain sequences of LSUrDNA of
A. catenella was carried out in Chile. Sequences showed at
least two different strains of the species that bloom in this
region, with a proximity to the North American ribotype
and distant proximity from the Asian ribotype (Córdova and
Müller, 2002). Six years later, Uribe et al. (2008), constructed
cDNA libraries from axenic strains from the AYSR in Chile,
obtaining 10,850 expressed sequence tags (ESTs), where the
most expressed genes corresponded to proteins coding for
bioluminescence, carbohydrates, and those associated with
photosynthesis (Uribe et al., 2008). They also carried out a
detailed analysis of bioluminescent proteins: luciferin-binding
protein and luciferase, additionally two unigenes presented 100%
identity with a toxic strain-specific sequence of A. tamarense.
Moreover, ESTs of A. catenella were closely related to A.
tamarense. Taking into account that bioluminescence proteins
were among the most expressed genes in A. catenella, the authors
suggested that probably bioluminescence could be related with
physiological responses such as predation avoidance and cell
communication (Uribe et al., 2008).

Aguilera-Belmonte et al. (2011) compared physiological and
genetic variability in populations of A. catenella from southern
Chile isolated from the same toxic event. A remarkable variability
at the genetic and physiological level among strains was
observed. Chilean strains showed a higher genetic diversity
(3%) than other strains of the world, and differences on PSTs

analogs were detected between strains. Intraregional diversity
of this species, partial sequences of the LSU gene, and ITS
regions of rDNA, as well as toxicological and morphological
analysis, have been evaluated. The analysis of rDNA sequences
of Chilean strains were separated as part of the Clade I
(North American) of the A. tamarense species complex (Varela
et al., 2012). However, a significant genetic diversity was
observed between Chilean strains with ITS sequences. Although
morphological variations within and between strains were
observed, some features were absent, such as a ventral pore in
the 1’ plate, which was a distinctive characteristic in Chilean
strains. These approaches indicate a significant intraregional
variability, however this genetic diversity does not agree with
the supposed northward expansion along the west coast of
South America.

Sequences from the ITS1, 5.8S rDNA, ITS2, and D1-
D5 LSUrDNA regions, were used to identify strains of the
morphospecies A. catenella as A. tamarense. Species-specific
primers designed for real time PCR were a good molecular tool
to detect this dinoflagellate in bivalves such asM. edulis (Jedlicki
et al., 2012).

Persich et al. (2006) investigated the probable origin of A.
tamarense in Brazil, and found a close relationship between this
species with A. tamarense, A. fundyense and A. catenella from
North America, northern Europe and northern Asia (Scholin
et al., 1994; Medlin et al., 1998). Interestingly, they did not
find any close relationship to any of the A. tamarense complex
from the southern hemisphere. According to the molecular
information, they proposed that the isolates used for this
study were probably transported from Uruguayan waters during
coastal fronts in Argentina and Uruguay; they considered the
possibility of further outbreaks from transported cells or resting
cysts in Brazilian coasts (Persich et al., 2006). Even though the
origin of the so-called “North American type” Alexandrium is
not clear, DNA results in this study support the hypothesis of
an early establishment of these populations during a period of
cooler global oceans, when natural boundaries did not exist and
transport across hemispheres was possible. This hypothesis was
proposed since the LSUrDNA sequences from South American
isolates have enough differences from the North American
modern populations that may indicate that these populations
have been separated for a long time, and evolutionary processes
have occurred (Persich et al., 2006).

Recently, Fabro et al. (2017) carried out morphological and
genetic analyses of three morphospecies of Alexandrium from
the Argentinean Sea. Their results showed some variations in
morphological characteristics, but were consistent with classical
descriptions of A. tamarense and A. ostenfeldii, however cells
of A. minutum had morphological traits that did not agree
completely with the description from Balech (Balech, 1995; Fabro
et al., 2017). Using qPCR method, it was possible to corroborate
the presence of A. minutum and A. ostenfeldii in NT samples.
While partial sequences of the LSUrRNA of the A. tamarense
complex clustered within the Alexandrium ribotype Group I, and
were consistent with A. catenella. This was the first report of
A. minutum and A. ostenfeldii on this area of Argentinean Sea
(Fabro et al., 2017).
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Cruzat et al. (2018) determined genetic variability of A.
catenella analyzing ITS1-5.8S-ITS2 sequences of ribosomal DNA
of environmental samples from the Southern Austral ecosystem.
The authors found 33 haplotypes, three of these highly frequent,
increasing the genetic diversity from 2.8 to 3.1%, for this species
in the study area. All sequences agreed with the morphological
identification for A. catenella, with sub-clades that correspond to
haplotypes from distinct geographic regions (Cruzat et al., 2018).

Toxin profiles, morphology and phylogeny were also
investigated by Salgado et al. (2015) in three strains of A.
ostenfeldii from the Baltic, Mediterranean, and southern Chile.
The phylogenetic reconstruction was performed with LSUrRNA
sequences, showing a geographic distribution congruent with the
selected strains. Strain AOA32 from Chile only produced PSTs,
and had a close phylogenetic relationship with a strain from
Callao, Peru (Salgado et al., 2015).

Using morphological traits and LSU and ITS sequences
Menezes et al. (2010), identified A. tamiyavanichi and general
morphological characters agreed with those reported previously;
however, they detected important variability that could also
match with the morphology of A. cohorticula. The most
important feature to identify cells of this species is the anterior
sulcal plate, while less than 10% of the analyzed specimens did
not agree with the morphology of A. tamiyavanichi. Therefore,
they suggested the possibility of them being conspecific species,
and pointed out the need of genetic studies on wild and
cultured populations to confirm their taxonomic identity,
given that the use of morphological characters as an only tool
for identification has caused misidentifications. Phylogenetic
reconstruction showed a monophyletic clade, which included
Brazilian and Asiatic strains, with enough genetic distance
between them. Moreover, based on their results they propose
a fraterculus group (A. tamiyavanichi/tropicale/fraterculus)
as a sister group of A. tamarense species complex (Menezes
et al., 2010). New morphological and molecular data (28S and
ITS rDNA) for Alexandrium species from Brazil, confirm a
close phylogenetic relationship among A. tamiyavanichi and A.
fraterculus (Menezes et al., 2018), while A. catenella sequences
were grouped with con-specifics from North America, Chile and
Japan, moreover a genetic variability within A. tamutum clade
was found, including a new record of this species for Brazil. Two
strains isolated from Guanabara Bay formed a monophyletic
clade with both molecular markers; suggesting it could be a
new species of Alexandrium closely related to A. minutum
and A. tamutum.

In the Mexican Pacific coast A. tamiyavanichii was
found and described less than a decade ago (Esqueda-Lara
and Hernández-Becerril, 2010), due to the difficulty for
identifying and quantify this species Hernández-Becerril
et al. (2018) analyzed ITS2 rDNA sequences obtained by
real-time quantitative PCR (qPCR), managing to detect cell
abundances of <30 cells L−1 in field samples. Differences
in cell densities and their distribution in water column
were observed, and two explanations were proposed: A.
tamiyavanichii could be transported off the coast due to
physical forces such as winds and upwelling, or when
environmental conditions are favorable, the physiological

characteristics of this species allows it to maintain high
cell abundances.

Associations With Bacteria
Dinoflagellates are characterized by different ecological
relationships. A relationship that has acquired a great interest
is the one established between bacteria and dinoflagellates.
This interest relies since bacteria are capable of regulating the
different HAB phases, in addition that they are considered to
have a role in cell toxicity, growth, and other physiological
aspects of dinoflagellates (Hold et al., 2001; Uribe and Espejo,
2003; Croft et al., 2005; Maas et al., 2007).

Alexandrium strains from the southern coast of Chile grow
in association with heterotrophic bacteria that mostly affect its
growth by the synthesis of algicidal substances that promote
cell lysis (Vasquez et al., 2001; Córdova et al., 2002; Uribe and
Espejo, 2003). The proliferation of A. catenella in the decade
of 1980 in Chile, allowed to report the presence of intracellular
bacteria in vegetative cells, and to describe the process of bacterial
phagocytosis (Córdova et al., 2002). Also, this was the first time
that bacteria of the genusMoraxella sp. were isolated from the cell
surface of the dinoflagellate, and related with the production of
small amounts of STX (Guzmán et al., 1975; Silva, 1982; Kodama
et al., 1990; Orr et al., 2013).

The genera Cytophaga, Pseudoalteromonas, and Ruegeria
released alga-lytic compounds among other compounds when
grown in absence of phytoplankton cells, causing high mortality
(>50%) in A. catenella. When the same bacteria, free of organic
nutrients, were returned to the algal culture they displayed no
detrimental effects on the dinoflagellate and recovered their
symbiotic characteristics. Thus, bacterial-derived lytic activities
are expressed only in the presence of high-nutrient media
and it is likely that in situ environmental conditions modulate
their expression (Amaro et al., 2005). Another aspect to
consider is the geographical distribution of strains, since despite
isolating the bacteria from different regions, the associated
bacteria community is similar, recording the presence of the
genera Psychrobacter, Sulfitobacter, Aeromonas, Flavobacterium,
Pseudomonas, Proteus and Moraxella in isolates of A. catenella
and A. fundyense from different regions of Chile and the Bay of
Fundy, respectively (Ferrier et al., 2002).

Bacterial phagocytosis by Alexandrium has also been
documented (Silva, 1982). In total absence of bacteria, cell
toxicity of A. catenella decreased five times as the majority of the
STX analogs decreased significantly, with the exception of NEO.
Also, as the culture of the dinoflagellate reached the stationary
phase, the cell abundance proportion of bacteria:dinoflagellate
remained constant (3,000 bacteria cell−1 of Alexandrium),
however, bacterial size tended to increase, suggesting they
could be saprophytic bacteria that feed on dinoflagellate
by-products (Schut et al., 1993; Dantzer and Levin, 1997;
Uribe and Espejo, 2003).

CONCLUSION

In LAm, the three main marine dinoflagellate genera that
produce PSTs are widely distributed and represent an important
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risk for human health, economic and ecological reasons. PSTs
have been also related to epizoic events, fish and aquaculture
losses, though most of the times the impacts have not been
calculated in economic terms. Despite these problems and
risks, few countries have established and maintained monitoring
programs, and losses due to PSTs are becoming an important
public concern. HABs research efforts have been concentrated in
North America (G. catenatum in Mexico) and in South America
(A. catenella, A. tamarense mainly in Chile and Argentina).
Few studies regarding P. bahamense exist, probably because this
species is foundmainly in regions with low resources for research,
which could explain partially why this is the PST species that has
caused greater human impacts.

Studies related to bloom dynamics, autoecology and toxins
of G. catenatum are mostly from Mexico, however, this species
has been reported in several countries, but in some regions,
the species identification remains to be confirmed. Blooms
have been associated with a narrow temperature window (18–
25◦C), high irradiance, transitional hydrographic conditions, El
Niño events, and nutrient increase, mostly from river runoffs
and coastal upwelling (Table 7). Even though natural plankton
samples have a low toxicity, and a profile dominated by the less
toxic sulfocarbamoyl analogs, this profile can change in mollusks
tissues due to their digestive metabolism and become highly
toxic for consumers. Interestingly, autoecology studies have
demonstrated that the cell toxin content is higher under in vitro
conditions than in the natural environment, which can be partly
explained by the higher nutrient concentrations used in culture
media. It has also been proposed that the toxin composition
is not a conservative feature in G. catenatum, however some
populations appear to be pretty consistent in their toxin profile,
such as strains from LAm, but strain studies from other regions
of LAm need to be carried out to confirm this. It has also
been demonstrated that under culture conditions, G. catenatum
tolerates a wide range of temperature, salinity, irradiance and
N:P ratios, which probably explains its wide distribution along
the Mexican Pacific coast. Nevertheless, some variations exist,
which have been related to strain origin, temperature, and
culture age.

The distribution of P. bahamense is restricted to tropical
latitudes. Blooms have been related to warm waters (27–31◦C),
heavy rains, strong winds, and to El Niño events (Table 7). This
species is found in a broad salinity range from 7 to 35. It has
been suggested that it could be an invasive species in the northern
boundary of its distribution (GOLCA region). Data regarding
toxicity and toxin profile of natural phytoplankton samples are
scarce and contradictory, carbamoyl or sulfocarbamoyl analogs
can dominate. Toxin profiles in mollusks is also quite variable. It
is clear that more research and close monitoring is needed for the
understanding of the bloom ecology on this species.

HABs of Alexandrium toxic species are mostly reported
in South America, being the main responsible species A.
catenella (Chile) and A. tamarense (Uruguay-Argentina), which
have had severe social impacts, and for this reason research
has been concentrated on these two species. In general,
Alexandrium species bloom at colder temperatures (5–14◦C)
than G. catenatum and P. bahamense. HABs of A. catenella

are related to high irradiances, water stratification, and extreme
climatic conditions such as a higher SST, decreased salinity and
precipitation, higher nutrients and El Niño events (Table 7).
Deep water upwelling also trigger blooms and cyst beds play an
important role in the initiation of blooms. Also, an important
expansion in the northern limits of these species has been
registered, but the reason for this remains to be understood.
Seasonal differences in cell toxicity and in toxin analogs in
A. catenella have been found in environmental samples, and
contrary to G. catenatum cell toxin content is higher in
environmental samples than cultured strains, indicating that
toxin metabolism in both species is regulated by different factors.

Regarding toxin analysis in PSTs producers, an important
factor to be considered is the different techniques used to extract
and analyze toxins which have led to different and confusing
results in some cases samples from the same species and region.
Different studies have used two acids (hydrochloric acid or
acetic acid) in various concentrations, sometimes even using
thermic processing of samples. Post-column and pre-column
oxidations methods are used, with different drawbacks such as
lack of separation of some analogs or the inability to detect
some others, and even the appearance of phantom peaks that
could be mistaken for toxin analogs. Also, GC toxins are not
yet considered in normal analysis and their presence is often
neglected due to the longer retention times needed to elute them,
and to the lack of commercial standards. It is clear that only
a few countries in LAm have the sufficient technological and
technical capacity to analyze paralytic toxins a factor that needs to
be considered to support both research andmonitoring programs
in this region.

Other studies such as molecular biology, in silico analyses
in order to assess toxicity, nutrient assimilation, trophic
interactions, and bacterial community studies are still incipient in
LAm, but given the great importance of PSTs producing species
in LAm, undoubtedly they will continue to increase in the next
few years.

This review evidences that studies have been concentrated in
relatively few countries, species and topics. And in some regions
studies are only supported for a few years by specific research
groups. In general, there is equipment and technical limitation in
the different regions of LAm. A regional HAB research program
is needed in order to have a more complete understanding
of the environmental conditions that favor the PST blooms in
this region.
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The ichthyotoxic dinoflagellate Karlodinium veneficum has a worldwide distribution
and produces highly potent lytic toxins (karlotoxins) that have been associated with
massive fish kill events in coastal environments. The capacity of K. veneficum to gain
energy from photosynthesis as well as phagotrophy enables cellular maintenance,
growth and dispersal under a broad range of environmental conditions. Coastal
ecosystems are highly dynamic in light of the prevailing physicochemical conditions,
such as seawater carbonate speciation (CO2, HCO3

−, and CO3
2−) and pH. Here,

we monitored the growth rate and ichthyotoxicity of K. veneficum in response to a
seawater pH gradient. K. veneficum exhibited a significant linear reduction in growth
rate with elevated seawater acidity [pH(totalscale) from 8.05 to 7.50]. Ichthyotoxicity
was assessed by exposing fish gill cells to K. veneficum extracts and subsequent
quantification of gill cell viability via resorufin fluorescence. Extracts of K. veneficum
indicated increased toxicity when derived from elevated pH treatments. The variation in
growth rate and toxin production per cell in regard to seawater pH implies that (1) future
alteration of seawater carbonate speciation, due to anthropogenic ocean acidification,
may negatively influence physiological performance and ecosystem interactions of
K. veneficum and (2) elevated seawater pH values (>8.0) represent favorable conditions
for K. veneficum growth and toxicity. This suggests that prey of K. veneficum may
be exposed to increased karlotoxin concentrations at conditions when nutrients are
scarce and seawater pH has been elevated due to high photosynthetic activity from
prior autotrophic phytoplankton blooms.

Keywords: Harmful dinoflagellate, ocean acidification, seawater carbonate chemistry, toxin production,
Karlodinium veneficum, ichthyotoxicity

INTRODUCTION

The accumulation of anthropogenic carbon dioxide in the atmosphere and its concomitant
absorption by the ocean surface causes distinct chemical changes, known as ocean acidification
(reduction of pH and increase of CO2). Ocean acidification has been recorded over the past decades
at long-term monitoring stations (Dore et al., 2009) and has the potential to affect phytoplankton
physiology and community structure (Dutkiewicz et al., 2015). In comparison to the open ocean,
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coastal areas are subject to multiple environmental drivers, such
as riverine fresh water input, eutrophication, aquaculture fish
farming, deep-water upwelling and high biological productivity.
These factors result in highly fluctuating pH regimes with
seasonal and daily changes of up to 0.6 pH units (Duarte et al.,
2013; Melzner et al., 2013; Carstensen et al., 2018). For example,
upwelling waters with pH values < 7.7 have been reported for
the continental shelfs of California and Chile (Feely et al., 2008;
Torres et al., 2011). Less buffered waters of marine aquaculture
facilities can even reach acidic pH levels corresponding to pCO2
values > 10,000 µatm, associated with high respiration rates and
organismal densities (Ellis et al., 2017).

The marine dinoflagellate Karlodinium veneficum has a
global distribution and produces powerful lytic karlotoxins
that have been associated with extensive fish kills (Mooney
et al., 2010; Place et al., 2012; Adolf et al., 2015; Escobar-
Morales and Hernández-Becerril, 2015). Emerging evidence
suggests that these toxins are primarily produced to facilitate
feeding by prey immobilization (Sheng et al., 2010). Strain
specific variability of K. veneficum has been demonstrated
in regard to trophic growth mode (auto- and mixotrophy),
toxin production and DNA content which suggests the
existence of different ecotypes (Place et al., 2012). Nutrient
availability and other environmental drivers, such as
seawater carbonate chemistry, have the potential to alter
growth and cellular toxicity of K. veneficum (Fu et al.,
2010). Here, we present controlled laboratory experiments
investigating the autotrophic growth and ichthyotoxicity
of one K. veneficum strain in response to an extended
seawater pH gradient.

MATERIALS AND METHODS

Culture Conditions
Monospecific cultures of K. veneficum (strain KVSR01, obtained
from the Algae Culture Collection at the Institute for Marine
and Antarctic Studies of the University of Tasmania, Australia)
were maintained in filter-sterilized (0.2 µm) natural seawater
with a salinity of 35, at 20◦C under a light:dark cycle of 12:12 h
with a photon flux density of 110 µmol photons m−2 s−1

provided by full spectrum cool white fluorescent tubes. Nutrients
for autotrophic growth were added according to the GSe/2
medium recipe (Blackburn et al., 2001) and supplemented with
5 ml l−1 of soil extract, yielding in improved growth (Sweeney,
1951; Provasoli et al., 1957). Experimental cultures were kept in
exponential growth by regular transfer to fresh media to avoid
nutrient limitation.

Experimental Set-Up
Experimental incubations were carried out in duplicates
under dilute batch culture conditions in 300 ml sterile
polystyrene Falcon R© culture flasks with minimal headspace.
Carbonate chemistry speciation was adjusted by the addition
of calculated amounts of HCl, NaOH, and NaHCO3, resulting
in a gradient of pCO2 from 445 to 1703 µatm (Table 1).
Exponentially growing cultures were acclimated to the

experimental conditions for three generations (5 days).
Acclimated cultures were transferred to the experimental
treatments to match a starting density of 100 cells ml−1 and
were allowed to grow exponentially for 5 to 6 generations
over the course of the experiment, corresponding to a
maximal dissolved inorganic carbon (CT) consumption
of 3%. The low biomass build up during the experiments
ensured (1) nutrient replete conditions and (2) minor
changes in the seawater carbonate chemistry due to biological
activity (see also Riebesell et al., 2011). Samples for CT
and total alkalinity (AT) were taken at the beginning and
the end of the experimental incubations. Samples for cell
density and ichthyotoxicity tests were taken at the end
of the experiment.

Carbonate Chemistry
The carbonate system was monitored via triplicate CT and
AT measurements applying the infrared detection method after
Goyet and Snover (1993) with an Apollo SciTech DIC-Analyzer
(Model AS-C3, Apollo SciTech, Newark, DE, United States)
and the potentiometric titration method (Dickson et al., 2003),
respectively. Data were corrected to repeated analyses of Certified
Reference Materials (CRM, Scripps Institution of Oceanography,
La Jolla, CA, United States) following the recommendations for
ocean acidification research (Riebesell et al., 2011). Consecutive
measurements of the CRM resulted in an average precision of
>99.8% for both CT and AT. Carbonate system parameters,
such as pH(total scale), were calculated from temperature, salinity,
CT and AT using CO2SYS (version 2.1 by E. Lewis and D. W.
R. Wallace), with the stoichiometric equilibrium constants for
carbonic acid given in Roy et al. (1993).

Cell Density and Growth Rate
Samples for cell density were measured in triplicate directly
after sampling using a Coulter MultisizerTM 4 (Beckman Coulter
Life Sciences, Indianapolis, IN, United States) equipped with
a 100 µm aperture. Prior to each measurement, samples of
K. veneficum were incubated at 4◦C for 10 min in order
to reduce cellular metabolism, avoiding undesired swimming
motions during analysis. Equipment settings were calibrated
using standard latex particles (Beckman Coulter Life Sciences)
with a nominal size of 10 µm. The mean cell densities were used
to calculate the growth rate, µ (days−1) as:

µ = (lnc1 − lnc0)/(t1 − t0), (1)

where c0 and c1 are the cell densities at the beginning (t0) and end
of the incubation period (t1), expressed in days. Estimates of cell
densities were associated with a random error of<3%, which was
determined by repeated measurements of identical K. veneficum
culture material (n = 10).

Ichthyotoxicity Assessment
Toxin Extraction
The remaining K. veneficum cultures were pooled for each
treatment (total of 400 ml) and centrifuged at 2000 × g
for 10 min (Sigma 3–16P). The supernatant was discarded
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TABLE 1 | Carbonate chemistry speciation (±1 SD), averaged from the start and end values of the experimental incubations, with the corresponding growth rates (µ) of
Karlodinium veneficum and the estimated LD50 values, representing the lethal dose of K. veneficum cells for 50% of gill cell mortality.

Treatment CT AT pCO2 pH µ LD50

(µmol kg−1) (µatm) (total scale) (days−1) (cells ml−1)

1 2113 ± 7 2389 ± 59 445 ± 84 8.03 ± 0.08 0.47 31,793

2 2180 ± 12 2396 ± 49 603 ± 91 7.92 ± 0.07 0.46 38,458

3 2273 ± 22 2383 ± 53 1112 ± 170 7.68 ± 0.07 0.45 45,722

4 2320 ± 27 2386 ± 60 1515 ± 274 7.56 ± 0.09 0.43 145,594

5 2342 ± 34 2388 ± 29 1703 ± 83 x 7.51 ± 0.01 0.42 108,757

T = 20◦C, salinity = 35, light intensity = 110 µmol photons m−2 s−1.

FIGURE 1 | Cellular growth rate response to changes in seawater pH (A) and gill cell mortality when exposed to dilution gradients of K. veneficum cell extracts with
standard deviation derived from repeated fluorescent measurements (B). Black line in (A) represents linear regression fit with 95% prediction intervals (dashed line).
LD50 values (cells ml-1) were estimated from idealized Michaelis-Menten-like fits to the treatment specific gill cell mortalities and plotted against seawater hydrogen
concentration (C). Linear regression fit in (C) resulted in LD50 = 4.59x1012 [H+] – 1.86x104 (r2 = 0.74, p = 0.062).

and cell pellets resuspended in methanol (0.3 – 0.5 ml;
based on cell densities of each treatment) to yield a constant
final extract concentration equivalent to 5.7 × 106 cells
ml−1. Resuspended pellets were sonicated with a probe type
sonicator (Measuring and Scientific Equipment Ltd., London,
United Kingdom) with tubes maintained in ice for 10 min
at an amplitude of 7 µm peak to peak, which describes the
longitudinally expansion and contraction of the tip. Samples

were kept on ice to counteract potential heating due to
prolonged (>1 min) sonication. The applied settings were
tested and resulted in a 99% lysis of K. veneficum cells
which was verified via Coulter MultisizerTM 4 analyses. After
sonication the sample was centrifuged at 1400 × g for
10 min, the resulting supernatant was collected and stored at
−20◦C for a maximum of 24 h before testing the toxicity on
gill cell lines.
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Gill Cell Line Assay
The fish gill cell line RTgill-W1 was maintained and used
for the experiments following the protocol described by
Dorantes-Aranda et al. (2011). Gill cells grown in L-15
medium (L1518, Sigma) were seeded into 96-well plates
(Greiner 655180) at 2 × 105 cells ml−1 and allowed to attach
for 48 h. Confluence of the adherent gill cell monolayer
was confirmed by light microscopy, and L-15 medium was
replaced with L-15/ex medium (Schirmer et al., 1997) 12 h
before the experimental exposures. K. veneficum extracts were
diluted to 0.1–10% in L-15/ex medium. The final methanol
concentration for all experimental treatments, including
the non-toxic control (L-15/ex), was 10%. Immediately
prior to exposures, the L-15/ex medium was discarded and
100 µL of each treatment was added to quadruplicate wells,
and plates were incubated for 2 h at experimental light
conditions. After this period, individual plates were rinsed
twice with 100 µL phosphate buffer saline to subsequently
receive 100 µL of 5% resazurin in L-15/ex. Plates were
incubated for a further 2 h in the dark. The gill cell
metabolic reduction of resazurin to fluorescent resorufin
was quantified using a microplate reader (Fluostar Optima,
BMG Labtech), with excitation and emission wavelengths
of 540 and 590 nm, respectively. Fluorescence values were
blank corrected (resazurin only, no gill cells) and results
were expressed as percentage of mortality compared to the
non-toxic control.

RESULTS AND DISCUSSION

The experimental protocol applied to alter the seawater carbonate
chemistry mimics the process of ocean acidification and resulted
in elevated total dissolved inorganic carbon concentrations at
constant total alkalinity (Table 1). Growth rates of K. veneficum
were positively correlated with seawater pH (Figure 1A),
resulting in a maximum observed growth rate of 0.47 days−1 at a
pH of 8.03. Certain variables of the seawater carbonate system
(i.e., CO2, HCO3

−, CO3
2−, and H+) are directly associated

with cellular processes, such as photosynthesis, growth and
enzyme reactions. An increase of aquatic CO2 and HCO3

−

concentrations at constant pH results commonly in enhanced
growth and photosynthetic rates (McMinn et al., 2014, 2017). On
the other hand, increased H+ concentrations can disturb cellular
homeostasis of cytosol pH (Suffrian et al., 2011) with generally
negative consequences for phytoplankton growth (McMinn et al.,
2014; Müller et al., 2015). These two general mechanisms
jointly result in an optimum growth curve response over
extended pH/CO2 gradients and have been demonstrated for
coccolithophore and dinoflagellate species (e.g., McMinn et al.,
2014; Müller et al., 2017). The fertilizing effect of CO2 on
growth rates of the dinoflagellate Alexandrium catenella has
been observed in laboratory experiments at pH levels between
8.7 and 8.1 (Mardones et al., 2017). A further pH reduction
(<8.1) had the adverse effect and resulted in reduced growth
of A. catenella, similar to the here observed growth response
of K. veneficum (Figure 1A). The linear decrease in growth

rate of K. veneficum, when pH is reduced from 8.03 to 7.51
(Figure 1), indicates that the optimum pH condition is located at
a pH of ≥8.03. Indeed, autotrophic growth rates of K. veneficum
have been reported with rates up to 0.53 days−1 at ambient pH
of ∼8.2 under similar temperature, salinity and light settings
(Calbet et al., 2011).

Gill cell mortality was enhanced with exposure to increasing
densities of K. veneficum in all tested pH treatments (Figure 1B),
and reached mortality of 99% at densities >5.7 × 105 cells
ml−1. Idealized Michaelis-Menten-like kinetics were fitted to
the treatment specific gill cell mortalities and the number of
K. veneficum cells responsible for a 50% lethal dose for gill cells
(LD50) indicated a positive linear trend with increasing seawater
hydrogen concentrations (r2 = 0.74, p = 0.062, Figure 1C).
An increased toxin content and production may facilitate prey
paralysation and ingestion (Sheng et al., 2007, 2010) and, as
suggested by our results, can be partly related to seawater
pH. The altered toxicity of K. veneficum (Figure 1) with
varying pH levels can theoretically be induced by higher cellular
toxin content or by elevated toxin potency under elevated
pH. However, the applied gill cell protocol to measure the
toxicity excludes the latter possibility because toxin effects
were tested under identical pH conditions. Thus, the here
observed mechanism of increased toxicity at elevated seawater
pH represents elevated cellular karlotoxins content compared to
low pH conditions. Fu et al. (2010) documented no change in
Karlodinium toxicity (measured as saponin equivalent) within
a pH range from 8.37 to 7.94 under nutrient replete culture
conditions. This is in good agreement with our results that
indicate no substantial change in toxicity between the 8.03
and the 7.92 treatments (Figure 1). Under phosphate limited
growth, however, Fu et al. (2010) observed an increased toxicity
with decreasing pH (from 8.37 to 7.94). Phosphate limitation
reduces cellular division rates in phytoplankton to ensure
accurate DNA syntheses while the biosynthesis of carbon and
nitrogen rich compounds proceeds, leading to organic compound
accumulations inside the cell (Müller et al., 2008; Li et al.,
2016). This could explain the increased toxicity under phosphate
limitation with increased CO2 availability for biosynthesis (Fu
et al., 2010), while, at the same time, [H+] concentration
were not high enough to induce a negative effect on the
cellular metabolism and toxin production. However, it should
be stressed that K. veneficum demonstrates a high inter-strain
physiological plasticity (Place et al., 2012) which hampers
an overall generalization of results derived from laboratory
experiments testing a single strain.

Aquaculture ponds with extensive farming activities can
experience highly elevated pCO2 values reaching concentrations
>10,000 µatm (Ellis et al., 2017) and it certainly would
be of interest to test the physiological performance and
ichthyotoxicity of K. veneficum under these extreme conditions.
The amplitudes of oscillating pH regimes in aquaculture ponds
and coastal environments are projected to expand due to ocean
acidification and the associated increasing Revelle factor (Schulz
and Riebesell, 2013). In the coming years, it will be essential
to monitor and register the seawater carbonate chemistry as a
basic environmental and experimental parameter in line with
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temperature, salinity, and nutrient concentrations to improve our
understanding of HAB bloom dynamics.

DATA AVAILABILITY

All datasets generated for this study are included in the
manuscript and/or the supplementary files.

AUTHOR CONTRIBUTIONS

MM, JD-A, AS, and MB conceived, designed, and performed the
experiments and analysis. MM analyzed the data and wrote the
manuscript with essential contributions from all authors.

FUNDING

This work was funded by the “Conselho Nacional de
Desenvolvimento Científico e Tecnológico Brasil (CNPq,
Processo: 405585/2013-6),” the University of Tasmania
providing a Visiting Fellowship to MM and the Federal
University of Pernambuco (Edital Propesq Professor
Visitante n◦. 01/2017).

ACKNOWLEDGMENTS

We are grateful for all reviewers’ suggestions and comments
which significantly improved the manuscript.

REFERENCES
Adolf, J. E., Bachvaroff, T. R., Deeds, J. R., and Place, A. R. (2015). Ichthyotoxic

Karlodinium veneficum (Ballatine) J Larsen in the upper swan river estuary
(Western Australia): ecological conditions leading to a fish kill. Harmful Algae
48, 83–93. doi: 10.1016/j.hal.2015.07.006

Blackburn, S. I., Bolch, C. J. S., Haskard, K. A., and Hallegraeff, G. M. (2001).
Reproductive compatibility among four global populations of the toxic
dinoflagellate Gymnodinium catenatum (Dinophyceae). Phycologia 40, 78–87.
doi: 10.2216/i0031-8884-40-1-78.1

Calbet, A., Bertos, M., Fuentes-Grünewald, C., Alacid, E., Figueroa, R., Renom, B.,
et al. (2011). Intraspecific variability in Karlodinium veneficum: growth rates,
mixotrophy, and lipid composition. Harmful Algae 10, 654–667. doi: 10.1016/j.
hal.2011.05.001

Carstensen, J., Chierici, M., Gustafsson, B. G., and Gustafsson, E. (2018). Long-
term and seasonal trends in estuarine and coastal carbonate systems. Gob.
Biogeochem. Cycles 32, 497–513. doi: 10.1002/2017GB005781

Dickson, A. G., Afghan, J. D., and Anderson, G. C. (2003). Reference materials
for oceanic CO2 analysis: a method for the certification of total alkalinity. Mar.
Chem. 80, 185–197. doi: 10.1016/S0304-4203(02)00133-0

Dorantes-Aranda, J. J., Waite, T. D., Godrant, A., Rose, A. L., Tovar, C. D., Woods,
G. M., et al. (2011). Novel application of a fish gill cell line assay to assess
ichthyotoxicity of harmful marine microalgae. Harmful Algae 10, 366–373.
doi: 10.1016/j.hal.2011.01.002

Dore, J. E., Lukas, R., Sadler, D. W., Church, M. J., and Karl, D. M. (2009).
Physical and biogeochemical modulation of ocean acidification in the central
North Pacific. Proc. Natl. Acad. Sci. U.S.A. 106, 12235–12240. doi: 10.1073/pnas.
0906044106

Duarte, C. M., Hendriks, I. E., Moore, T. S., Olsen, Y. S., Steckbauer, A., Ramajo, L.,
et al. (2013). Is ocean acidification an open-ocean syndrome? Understanding
anthropogenic impacts on seawater pH. Estuaries Coasts 36, 221–236.
doi: 10.1007/s12237-013-9594-3

Dutkiewicz, S., Morris, J. J., Follows, M. J., Scott, J., Levitan, O., Dyhrman,
S. T., et al. (2015). Impact of ocean acidification on the structure of future
phytoplankton communities. Nat. Clim. Chang. 5, 1002–1006. doi: 10.1038/
nclimate2722

Ellis, R. P., Urbina, M. A., and Wilson, R. W. (2017). Lessons from two high
CO2 worlds – future oceans and intensive aquaculture. Glob. Chang. Biol. 23,
2141–2148. doi: 10.1111/gcb.13515

Escobar-Morales, S., and Hernández-Becerril, D. U. (2015). Free-living marine
planktonic unarmoured dinoflagellates from the Gulf of Mexico and the
Mexican Pacific. Botanica Marina 58, 9–22. doi: 10.1515/bot-2014-0049

Feely, R. A., Sabine, C. L., Hernandez-Ayon, J. M., Ianson, D., and Hales, B. (2008).
Evidence for upwelling of corrosive “Acidified”. Water onto the continental
shelf. Science 320, 1490–1492. doi: 10.1126/science.1155676

Fu, F. X., Place, A. R., Garcia, N. S., and Hutchins, D. A. (2010). CO2 and
phosphate availability control the toxicity of the harmful bloom dinoflagellate

Karlodinium veneficum. Aquat. Microb. Ecol. 59, 55–65. doi: 10.3354/ame
01396

Goyet, C., and Snover, A. K. (1993). High-accuracy measurements of total dissolved
inorganic carbon in the ocean - comparison of alternate detection methods.
Mar. Chem. 44, 235–242. doi: 10.1016/0304-4203(93)90205-3

Li, M., Shi, X., Guo, C., and Lin, S. (2016). Phosphorus deficiency inhibits cell
division but not growth in the dinoflagellate Amphidinium carterae. Front.
Microbiol. 7:826. doi: 10.3389/fmicb.2016.00826

Mardones, J. I., Müller, M. N., and Hallegraeff, G. M. (2017). Toxic dinoflagellate
blooms of Alexandrium catenella in Chilean fjords: a resilient winner from
climate change. ICES J. Mar. Sci. 74, 988–995. doi: 10.1093/icesjms/fsw164

McMinn, A., Müller, M. N., Martin, A., and Ryan, K. G. (2014). The response
of Antarctic sea ice algae to changes in pH and CO2. PLoS One 9:e86984.
doi: 10.1371/journal.pone.0086984

McMinn, A., Müller, M. N., Martin, A., Ugalde, S. C., Lee, S., Castrisios, K.,
et al. (2017). Effects of CO2 concentrations on a late summer surface sea ice
community. Mar. Biol. 164:87. doi: 10.1007/s00227-017-3102-4

Melzner, F., Thomsen, J., Koeve, W., Oschlies, A., Gutowska, M. A., Bange, H. W.,
et al. (2013). Future ocean acidification will be amplified by hypoxia in coastal
habitats. Mar. Biol. 160, 1875–1888. doi: 10.1007/s00227-012-1954-1

Mooney, B. D., Hallegraeff, G. M., and Place, A. R. (2010). Ichthyotoxicity of
four species of gymnodinioid dinoflagellates (Kareniaceae, Dinophyta) and
purified karlotoxins to larval sheepshead minnow. Harmful Algae 9, 557–562.
doi: 10.1016/j.hal.2010.04.005

Müller, M. N., Antia, A. N., and LaRoche, J. (2008). Influence of cell cycle phase
on calcification in the coccolithophore Emiliania huxleyi. Limnol. Oceanogr. 53,
506–512. doi: 10.4319/lo.2008.53.2.0506

Müller, M. N., Trull, T. W., and Hallegraeff, G. M. (2015). Differing responses
of three Southern Ocean Emiliania huxleyi ecotypes to changing seawater
carbonate chemistry. Mar. Ecol. Progress Ser. 531, 81–90. doi: 10.3354/
meps11309

Müller, M. N., Trull, T. W., and Hallegraeff, G. M. (2017). Differing responses
of three Southern Ocean Emiliania huxleyi ecotypes to changing seawater
carbonate chemistry. ISME J. 11, 1777–1787. doi: 10.1038/ismej.2017.53

Place, A. R., Bowers, H. A., Bachvaroff, T. R., Adolf, J. E., Deeds, J. R., and Sheng, J.
(2012). Karlodinium veneficum - The little dinoflagellate with a big bite. Harmful
Algae 14, 179–195. doi: 10.1016/j.hal.2011.10.021

Provasoli, L., McLaughlin, J. J., and Droop, M. R. (1957). The development of
artificial media for marine algae. Arch. Mikrobiol. 25, 392–428. doi: 10.1007/
BF00446694

Riebesell, U., Fabry, V. J., Hansson, L., and Gattuso, J.-P. (eds) (2011). Guide to Best
Practices for Ocean Acidification Research and Data Reporting. Luxembourg:
Publications Office of the European Union, 258. doi: 10.2777/66906

Roy, R. N., Roy, L. N., Vogel, K. M., Porter-Moore, C., Pearson, T., Good, C. E.,
et al. (1993). The dissociation constants of carbonic acid in seawater at salinities
5 to 45 and temperatures 0 to 45◦C. Mar. Chem. 44, 249–267. doi: 10.1016/0304-
4203(93)90207-5

Frontiers in Marine Science | www.frontiersin.org 5 February 2019 | Volume 6 | Article 82259

https://doi.org/10.1016/j.hal.2015.07.006
https://doi.org/10.2216/i0031-8884-40-1-78.1
https://doi.org/10.1016/j.hal.2011.05.001
https://doi.org/10.1016/j.hal.2011.05.001
https://doi.org/10.1002/2017GB005781
https://doi.org/10.1016/S0304-4203(02)00133-0
https://doi.org/10.1016/j.hal.2011.01.002
https://doi.org/10.1073/pnas.0906044106
https://doi.org/10.1073/pnas.0906044106
https://doi.org/10.1007/s12237-013-9594-3
https://doi.org/10.1038/nclimate2722
https://doi.org/10.1038/nclimate2722
https://doi.org/10.1111/gcb.13515
https://doi.org/10.1515/bot-2014-0049
https://doi.org/10.1126/science.1155676
https://doi.org/10.3354/ame01396
https://doi.org/10.3354/ame01396
https://doi.org/10.1016/0304-4203(93)90205-3
https://doi.org/10.3389/fmicb.2016.00826
https://doi.org/10.1093/icesjms/fsw164
https://doi.org/10.1371/journal.pone.0086984
https://doi.org/10.1007/s00227-017-3102-4
https://doi.org/10.1007/s00227-012-1954-1
https://doi.org/10.1016/j.hal.2010.04.005
https://doi.org/10.4319/lo.2008.53.2.0506
https://doi.org/10.3354/meps11309
https://doi.org/10.3354/meps11309
https://doi.org/10.1038/ismej.2017.53
https://doi.org/10.1016/j.hal.2011.10.021
https://doi.org/10.1007/BF00446694
https://doi.org/10.1007/BF00446694
https://doi.org/10.2777/66906
https://doi.org/10.1016/0304-4203(93)90207-5
https://doi.org/10.1016/0304-4203(93)90207-5
https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00082 February 22, 2019 Time: 18:25 # 6

Müller et al. Impacts of Seawater pH on K. veneficum

Schirmer, K., Chan, A. G. J., Greenberg, B. M., Dixon, D. G., and Bols, N. C.
(1997). Methodology for demonstrating and measuring the photocytotoxicity
of fluoranthene to fish cells in culture. Toxicol. Vitro 11, 107–119. doi: 10.1016/
S0887-2333(97)00002-7

Schulz, K. G., and Riebesell, U. (2013). Diurnal changes in seawater carbonate
chemistry speciation at increasing atmospheric carbon dioxide. Mar. Biol. 160,
1889–1899. doi: 10.1007/s00227-012-1965-y

Sheng, J., Malkiel, E., Katz, J., Adolf, J., Belas, R., and Place, A. R. (2007). Digital
holographic microscopy reveals prey-induced changes in swimming behavior
of predatory dinoflagellates. Proc. Natl. Acad. Sci. U.S.A. 104, 17512–17517.
doi: 10.1073/pnas.0704658104

Sheng, J., Malkiel, E., Katz, J., Adolf, J., and Place, A. R. (2010). A dinoflagellate
exploits toxins to immobilize prey prior to ingestion. Proc. Natl. Acad. Sci.
U.S.A. 107, 2082–2087. doi: 10.1073/pnas.0912254107

Suffrian, K., Schulz, K. G., Gutowska, M. A., Riebesell, U., and Bleich, M. (2011).
Cellular pH measurements in Emiliania huxleyi reveal pronounced membrane
proton permeability. New Phytologist 190, 595–608. doi: 10.1111/j.1469-8137.
2010.03633.x

Sweeney, B. M. (1951). Culture of the Dinoflagellate Gymnodinium with soil
extract. Am. J. Bot. 38, 669–677. doi: 10.2307/2437913

Torres, R., Pantoja, S., Harada, N., González, H. E., Daneri, G., Frangopulos, M.,
et al. (2011). Air-sea CO2 fluxes along the coast of Chile: from CO2 outgassing
in central northern upwelling waters to CO2 uptake in southern Patagonian
fjords. J. Geophys. Res. 116, 1–17. doi: 10.1029/2010JC006344

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Müller, Dorantes-Aranda, Seger, Botana, Brandini and
Hallegraeff. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Marine Science | www.frontiersin.org 6 February 2019 | Volume 6 | Article 82260

https://doi.org/10.1016/S0887-2333(97)00002-7
https://doi.org/10.1016/S0887-2333(97)00002-7
https://doi.org/10.1007/s00227-012-1965-y
https://doi.org/10.1073/pnas.0704658104
https://doi.org/10.1073/pnas.0912254107
https://doi.org/10.1111/j.1469-8137.2010.03633.x
https://doi.org/10.1111/j.1469-8137.2010.03633.x
https://doi.org/10.2307/2437913
https://doi.org/10.1029/2010JC006344
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


ORIGINAL RESEARCH
published: 13 March 2019

doi: 10.3389/fmars.2019.00085

Frontiers in Marine Science | www.frontiersin.org 1 March 2019 | Volume 6 | Article 85

Edited by:

Juan Jose Dorantes-Aranda,

University of Tasmania, Australia

Reviewed by:

Tomoyuki Shikata,

National Research Institute of

Fisheries and Environment of Inland

Sea (FEIS), Japan

Kathryn Coyne,

University of Delaware, United States

*Correspondence:

Paulo S. Salomon

pssalomon@gmail.com

†These authors have equally

contribution to this work

Specialty section:

This article was submitted to

Marine Ecosystem Ecology,

a section of the journal

Frontiers in Marine Science

Received: 03 September 2018

Accepted: 13 February 2019

Published: 13 March 2019

Citation:

Viana TV, Fistarol GO, Amario M,

Menezes RB, Carneiro BLR,

Chaves DM, Hargreaves PI,

Silva-Lima AW, Valentin JL,

Tenenbaum DR, Arruda EF,

Paranhos R and Salomon PS (2019)

Massive Blooms of Chattonella

subsalsa Biecheler (Raphidophyceae)

in a Hypereutrophic, Tropical

Estuary—Guanabara Bay, Brazil.

Front. Mar. Sci. 6:85.

doi: 10.3389/fmars.2019.00085

Massive Blooms of Chattonella
subsalsa Biecheler (Raphidophyceae)
in a Hypereutrophic, Tropical
Estuary—Guanabara Bay, Brazil
Tatiana V. Viana 1,2†, Giovana O. Fistarol 1†, Michelle Amario 1,2, Rafael B. Menezes 1,

Beatriz L. R. Carneiro 1, Daisyane M. Chaves 1, Paulo I. Hargreaves 1, Arthur W. Silva-Lima 1,
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Cell concentrations of the potentially harmful raphidophyte Chattonella subsalsa

Biecheler were quantified in surface waters of Guanabara Bay, a heavily eutrophicated

estuarine system in tropical Brazil, from February 2014 to January 2018. Cells were

imaged and quantified in live samples by means of an automated imaging system

(FlowCam®). Bloom episodes (>0.1 × 106 cells L−1) were observed in 37 samples,

mostly in a shallow (<10m) area with extremely high nutrient and organic matter loads

(average total P = 19µM and total N = 344µM), intermediate salinity (average 24.5),

and low water transparency (average Secchi depth = 0.54m) due to continental runoff.

Blooms in this area reached up to 13.3 × 106 cells L−1. C. subsalsa cell concentration

was correlated with parameters linked to eutrophication of the bay. On a monthly

basis, C. subsalsa abundance was correlated with a period of positive Multivariated El

Niño/Southern Oscilation Index (MEI) that lasted from the beginning of 2015 to mid-2016

(known as Godzilla El Niño), indicating a potential influence of regional climate on the

occurrence of C. subsalsa. Notably, at least six fish kill episodes were reported in the

Bay during this period which, added to the toxicity of C. subsalsa strains isolated from

the bay to Artemia nauplia (48h-LC50 = 7.3 × 106 cells L−1), highlights the threat that

this HAB species poses to the environment. This is the first report of recurrent, massive

C. subsalsa blooms in Guanabara Bay. Regardless of the influence of climatic forcing in

favoring C. subsalsa development, reducing nutrient loads would be the best strategy to

mitigate blooms of this and other potentially harmful algae in Guanabara Bay.

Keywords: Chattonella subsalsa, Guanabara Bay, eutrophication, harmful algae, climate, MEI
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INTRODUCTION

Members of the genus Chattonella (Class Raphidophyceae) are
successful, cosmopolitan microalgae commonly found in the
plankton of coastal marine areas such as estuarine ecosystems.
This group of photosynthetic protists has various characteristics
(such as phenotypic plasticity, tolerance to a wide range
of temperatures, capacity for diel vertical migrations, and
mixotrophy) that allow them to thrive in eutrophicated coastal
waters despite the changeable conditions of these environments
(Paranhos and Mayr, 1993; Marshall and Hallegraeff, 1999;
Chenna et al., 2003; Band-Schmidt et al., 2004; Handy et al.,
2005; Hosoi-Tanabe et al., 2006; Imai and Yamaguchi, 2012;
Klöpper et al., 2013). Besides, some species of Chattonella form
toxic blooms with harmful effects to other marine organisms,
especially fish. These traits make species of this genus a
common target duringmonitoring studies in coastal marine areas
(Khan et al., 1995; Imai and Yamaguchi, 2012).

Chattonella spp., as other raphidophytes, are unicellular, bi-

flagellated protists, typically with gold-brown coloration due
to the production of fucoxantin (Hallegraeff and Hara, 2003;

Klöpper et al., 2013). Their morphological diversity, even among
the same species, has made the use of molecular markers almost

a requirement for its precise identification. The occurrence
of mixotrophy has been described for this genus, which may

confer a competitive advantage during nutrient shortage (Jeong
et al., 2010). Furthermore, the species Chattonella antiqua,
C. marina, C. ovata, and C. subsalsa have been described
to form harmful algal blooms (HABs), and cause massive
fish kills (Hiroishi et al., 2005; Imai et al., 2006; Imai and
Yamaguchi, 2012). The mechanism of the fish kills is not yet
fully understood. Studies have demonstrated the production
of neurotoxins (brevetoxins), hemolytic substance, and also of
reactive oxygen species (ROS) (Hallegraeff et al., 2004; Imai and
Yamaguchi, 2012). Nevertheless, it seems that suffocation by
physically clogging the gills is the ultimate cause of fish death,
with production of ROS playing an important role (Marshall
et al., 2003; Imai and Yamaguchi, 2012). Massive fish kills caused
by Chattonella spp., with associated economic losses, have been
described around the world (e.g., in Japan, India, Australia, USA)
(Hallegraeff et al., 1998; Edvardsen and Imai, 2006; Imai et al.,
2006; Lewitus et al., 2008; Imai and Yamaguchi, 2012).

Even though the genus Chattonella is found worldwide, its
growth is affected by environmental factors such as temperature,
salinity, nutrient concentrations, as well as by biotic factors
such as competition, parasitism, and grazing. Different strains
of Chattonella were shown to have different optimal temperature
and salinity growth conditions (Nakamura and Watanabe, 1983;
Nakamura et al., 1989; Marshall and Hallegraeff, 1999; Imai
and Yamaguchi, 2012), although they can be found outside
these optimal conditions in natural environments. It has been
shown that Chattonella can form cysts, and, in temperate
regions with wide seasonal variations in temperature and salinity,
encystment may be used as a survival strategy (Nakamura et al.,
1990; Edvardsen and Imai, 2006). Encystment may also allow
bloom formation during the return of favorable conditions
(Imai, 1989; Portune et al., 2009).

Guanabara Bay is a large, highly-eutrophicated bay on
the southeast coast of Brazil. It is surrounded by eleven
municipalities, including the worldwide known city of Rio de
Janeiro. Along the years, the anthropogenic impacts in this
environment have caused severe disturbances and changes in
its waters and on the habitats around the bay. One of the
most critical impacts is the increase in nutrient concentrations,
which leads to high chlorophyll levels (e.g., it has been registered
chlorophyll a concentrations as high as 483mg m−3) (Paranhos
et al., 2001). As a probable consequence of eutrophication, it has
also been observed changes in the composition of the plankton
community, with a shift toward a community dominated by
more heterotrophic/mixotrophic organisms, and an increase in
the frequency of HABs (Valentin et al., 1999; Santos et al.,
2007; Fistarol et al., 2015; Odebrecht et al., 2018). Among the
potentially harmful microalgae detected in Guanabara Bay are
members of the genus Chattonella (Villac and Tenenbaum, 2010;
Fistarol et al., 2015).

Although the occurrence of Chattonella spp. has been
previously described in Brazil (Hallegraeff and Hara, 2003;
Villac and Tenenbaum, 2010; Fistarol et al., 2015), including
its presence as a member of the planktonic community in
Guanabara Bay several decades ago (Valentin et al., 1999), there
is a lack of systematic studies on the occurrence of blooms of
these raphidophytes in the region. Due to its wide distribution
and tolerance to different environmental conditions, added to
the aforementioned records of the presence of Chattonella spp. in
Brazilian waters, it is reasonable to assume that blooms of these
raphidophytes in Guanabara Bay are more common than what
has been hitherto documented in the literature.

In this study we present the results of an intense, 4-
year monitoring program in Guanabara Bay that unveiled the
occurrence of massive blooms of the raphidophyte Chattonella
subsalsa in this environment. The taxonomic identity, tolerance
to salinity and toxic potential of C. subsalsa was assessed by
means of cultures established from cells isolated from the bay.
The environmental drivers that favor the occurrence of C.
subsalsa in Guanabara Bay are discussed.

MATERIALS AND METHODS

Sampling
Plankton samples for quantification of C. subsalsa in Guanabara
Bay were collected over a 4-year period, from January, 2014 to
January, 2018 along four sampling series (A to D) (Figure 1).
Each sampling series had a particular timespan, number
of sampling locations and sampling frequency: (i) monthly
samplings at two fixed locations (A1 and A2) from January,
2014 to December, 2015 and bimonthly samplings at the same
locations from January, 2016 to January, 2018; (ii) monthly
samplings at five fixed locations (B1 to B5) from October, 2014 to
January, 2018; (iii) monthly samplings at 6 fixed locations (C1 to
C6) fromOctober, 2016 to January, 2018; (iv) weekly samplings at
4 fixed locations (D1 to D4) from March, 2017 to January, 2018.
Samples for cell counts and chemical analyses were collected at
the water surface with a bucket or a Niskin bottle. Immediately
after sampling, aliquots of water were sieved through a 200µm
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FIGURE 1 | Map of Guanabara Bay showing the locations sampled in this study. Four sampling series (series A: green dots; series B: red dots; series C: blue dots;

series D: magenta dots) were conducted from February, 2014 to January, 2018 to monitor C. subsalsa cell concentration in surface waters of the bay. Samples

collected in series B were also analyzed for physical and chemical water parameters. Roman numbers represent zones within an eutrophication gradient from I (less

impacted) to V (more impacted). See text for details on each sampling series.

nylon mesh to remove large predators and stored cool in 2 to
5L plastic bottles until arrival to the laboratory. Samples for
inorganic nutrient, total N and P, and chlorophyll awere stored in
plastic bottles and kept on ice until being processed in the same
day in the laboratory. Opportunity samples for cell counts only
were collected off the fixed sampling locations when blooms were
detected by discoloration of the water surface.

Chattonella subsalsa Cell Counts and
Morphology
Cell counts were done on live samples by means of an automated
flow imaging microscopy system, FlowCam R© (Fluid Imaging
Technologies, Inc.), within 3 h after sampling. Samples brought
from the field were further sieved through a 100µm nylon
mesh to remove large particles, thus preventing blockage of
the capillary lines of the equipment. The FlowCam R© was fitted
with a 90µm field-of-view flow-cell and a 10X magnification
objective. Sample flow rate was set to 0.1mL min−1. Samples
were run for 20min and imaged at 20 frames per second in auto-
image mode with the threshold for acquisition set on an ESD
(equivalent spherical diameter) value of 5µm. Classification of
C. subsalsa cells was done with the VisualSpreadsheeth R© particle
analysis software provided by themanufacturer of the FowCam R©

(Fluid Imaging Technologies, Inc.) based on a library of ca. five
thousand C. subsalsa cells images selected from the Guanabara
Bay database. A visual inspection was then performed by a
human operator to correct for false positive and false negative
errors by the software. C. subsalsa cell morphology was studied
in live material following samplings in Guanabara Bay. A total
of 1,776 sharp images from the FlowCam R© displaying the cells
from the dorso-ventral view were selected for measurements of
cell length and width using the programVisualSpreadsheeth R©. In
all samples with detectable numbers ofChattonella cells they were
also observed alive in the same day of sampling using an inverted
microscope (Olympus IX70) equipped with a digital camera
(Olympus XC-50). Morphology-based taxonomic identification
was done based on the observations of live material in the
microscope following Throndsen (1997) and Tomas et al. (2002).

Physical, Chemical, and Biological Water
Parameters
Physical, chemical, and biological properties of the bay’s water
were assessed using standard oceanographic methods (Grasshoff
et al., 1983; Parsons et al., 1984). Water temperature was
measured with a YSI multiparameter sonde. Salinity was
estimated chemically from chlorinity measurements. Water
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transparency was measured with a Secchi disk. Inorganic
nutrients were analyzed as follow: ammoniacal nitrogen (the
sum of N-NH3 + N-NH+

4 , referred to as ammonia) by
indophenol; nitrite by diazotation; nitrate by reduction in a
Cd-Cu column followed by diazotation; orthophosphate by
reaction with ascorbic acid; silicate by reaction with molybdate.
Total nitrogen was analyzed by nitrate determination after
digestion with potassium persulfate, whereas total phosphorous
was analyzed as phosphate after acid digestion. All nutrient
analyses were performed in a Seal model AA3 AutoAnalyzer.
Chlorophyll a analyses were performed after vacuum filtration
(<25 cm of Hg) of water samples aliquots (minimum 250mL)
onto mixed cellulose esters membranes (Millipore HAWP
0.45µm). Chlorophyll was extracted overnight in 90% acetone
at 4◦C and analyzed in a UV-VIS Perkin Elmer Lambda 20
spectrophotometer (Perkin Elmer, USA).

Climatological Data
Air temperature, wind speed, and pluviosity were obtained from
a meteorological station located nearby sampling station B4
(Figure 1). Multivariated El Niño/Southern Oscillation (ENSO)
Index, MEI (3-month running mean values) was obtained
from the Earth System Research Laboratory database (National
Oceanic and Atmospheric Administration—NOAA, https://
www.esrl.noaa.gov/psd/data/climateindices/).MEI is determined
as the first seasonally varying principal component of six
atmospheric and oceanographic parameters (sea level air
pressure, zonal, and meridional components of the surface
wind, sea surface temperature, surface air temperature and
cloudiness) in the tropical Pacific Ocean basin using data from
the ICOADS (International Comprehensive Ocean-Atmosphere
Data Set) (Wolter and Timlin, 1993, 1998). Negative values of the
MEI represent the cold ENSO phase (La Niña) whereas positive
MEI values represent the warm ENSO phase (El Niño).

Establishment of Chattonella subsalsa
Cultures
Cultures of C. subsalsa were established from cells collected
in Guanabara Bay in 2014 on sampling stations B4 and B5.
Cells were picked with a capillary glass tube in an inverted
microscope, transferred to sterile f/2 medium (Guillard, 1975)
prepared with Guanabara Bay water with salinity adjusted to
20 and kept at 26◦C, a photon flux of 50 µmoles photons m−2

s−1 (cool white fluorescent tubes) with a 14:10 ligh:dark cycle.
After ca. 1 month, clonal cultures were established by single-
cell sorting in a MoFlo R© (Beckman-Coulter) flow cytometer
(Fistarol et al., 2018). Four cultures established by this method
were incorporated in the Culture Collection of Microorganisms
at UFRJ (CCMR) under the collection codes CCMR0024,
CCMR0025, CCMR0026, and CCMR0028. Cultures have since
been maintained at the temperature and light regime as above by
successive transfers to fresh medium on a monthly basis.

Growth Rates Estimates
C. subsalsa strains were grown in batch mode in f/2 medium
prepared with Guanabara Bay water. Temperature and light
regimes were as above. Strains were maintained in medium with

salinity 20. Prior to the tests the salinity was gradually (1 salinity
unit per day) adjusted toward salinity 10 and 30. None of the
strains sustained growth during the salinity decrease. Strains that
grew at salinity 30 were acclimated for 3 generations. Growth
rates of each strain were then measured at salinity 20 and 30
in triplicate 500-mL florence flat-bottom borosilicate glass flasks
containing 250mL of f/2 medium prepared with Guanabara
Bay water. Volumes of 5mL were harvested from each flask
every second day, fixed with a mixture of 1% paraformaldehyde,
1% glutaraldehyde, 30mM HEPES and an amount of sucrose
to match the osmotic pressure of the medium (Katano et al.,
2009), and counted in the microscope at 20X magnification
using Palmer-Maloney counting chambers. A minimum of
400 cells were counted in each sample. Specific growth rates
were calculated as the slope of a least-squares regression line
between the natural logarithm of cell concentration and time,
with time as the abscissa, during the exponential growth
phase (Guillard, 1973).

Toxicity Assays
The toxicity of two C. subsalsa strains (CCMR0024 and
CCMR0026) kept in culture were accessed by exposing Artemia
salina nauplia to live raphidophyte cells. Dried A. salina cysts
were hatched in seawater with the salinity adjusted to 20.
Artemia salina nauplia with 48 h of life after hatching were used
in the tests. C. subsalsa strains were grown in 250mL batch
cultures under the conditions described above. Dilution series
of C. subsalsa cells were prepared with cells harvested at late
exponential phase by addition of fresh f/2 medium to achieve five
concentrations ranging from 624 to 40,000 cells mL−1. Aliquots
of 10mL from each C. subsalsa cell dilution were added to
quadruplicate vials containing 20A. salina nauplia each, resulting
in five concentrations ranging from 312 to 20,000 cells mL−1. The
vials were incubated at the same conditions as the C. subsalsa

cultures used for the tests. Artemia salina nauplia were observed
after 48 h and scored as alive (motile) or dead (non-motile).

Molecular Characterization of Chattonella
subsalsa
Cultures of C. subsalsa established from single cells collected
in the bay were characterized by 18S rDNA sequencing. DNA
extraction was done on a cell pellet collected from 500 µL of
culture by CTAB and chloroform method (Rogers and Bendich,
1994). The small ribosomal subunit (SSU) was amplified by PCR
with primers 1F (5’-AACCTGGTTGATCCTGCCAGT-3’) and
1528R (5’-TGATCCTTCTGCAGGTTCACCTAC-3’) (Klöpper
et al., 2013). Amplification was performed in a Gene Amp 9,700
thermocycler in 25 µL reaction volumes containing 2.5 µL of
a 10µM solution of each primer, 1 µL of template DNA (50
ng), 12.5 µL of GoTaq R© G2 Green Master Mix, and 6.5 µL of
ddH2O. The thermal cycle consisted of an initial denaturation
step at 95◦C for 2min., followed by 30 cycles of 95◦C for
1.5min., 55◦C for 1min., 72◦C for 2min., and a final extension
at 72◦C for 7min. Aliquots of 5 µL of the PCR products were
purified with 2 µL of Exosap-ITTM for 15min. at 37◦C and then
15min. at 80◦C. Sequencing was done using dye-terminator
chemicals (BigDye R© Terminator v3.1 Cycle Sequencing Kit)
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following the manufacturer’s instructions and read in an
ABI PRISM R© 3500 Genetic Analyzer (Applied Biosystems).
Sequencing primers were 528F (5′-GCGGTAATTCCAGCTCC
AA-3′), 1055F (5′-GGTGGTGCATGGCCGTTCTT-3′), 536R
(5′-AATTACCGCGGCKGCTGGCA-3′) and 1055R (5′-
ACGGCCATGCACCACCACCCAT-3′) (Scholin et al., 1994;
Klöpper et al., 2013). The sequences obtained were analyzed
with the software Kodon v. 2.04 (Applied Maths). Their
similarity with other published sequences was obtained using
the BLASTn option in the GenBank database (https://www.ncbi.
nlm.nih.gov). A phylogenetic reconstruction was done based
on a sequence alignment conducted in Clustal (Higgins and
Sharp, 1988; Chenna et al., 2003) including four C. subsalsa
sequences obtained in this study and sequences from other
16 raphidophytes of the genera Chattonella and Heterosigma,
the latter used as an outgroup. The evolutionary model was
determined with ModelTest. The GTR+I+G was chosen and
implemented in the phylogenetic reconstruction that was done
by the Maximum-Likelihood method with 1,000 bootstrap
replications using Mega7 (Kumar et al., 2016).

Statistical Analysis
A principal component analysis (PCA) was performed based
on a correlation matrix with data from the 5 locations of the
sampling series B (B1 to B5) using C. subsalsa cell concentration,
chlorophyll a concentration, water temperature, salinity and
transparency (Secchi depth), inorganic nutrient concentrations
(orthophosphate, nitrite, nitrate, ammonia, and silicate), and
total phosphorus and nitrogen concentrations as variables.
Another PCA was conducted based on a correlation matrix
using maximum monthly C. subsalsa cell concentrations for
the whole bay, the Multivariated ENSO Index (MEI), average
monthly air temperature, accumulated monthly pluviosity,
and maximum monthly wind speed as variables. A multiple
regression analysis was performed to test the correlation between
maximummonthly C. subsalsa cell concentration over the whole
bay and the climatological variables MEI, average monthly air
temperature, accumulated monthly pluviosity, and maximum
monthly wind speed.

For the laboratory growth experiments, an analysis of
variance (ANOVA) followed by a Tukey HSD (honestly
significant difference) test was done to check for differences
among average C. subsalsa strains growth rates cultivated at
different salinities. For the toxicity tests, the concentration
of C. subsalsa cells causing 50% Artemia salina nauplia
mortality within 48 h of exposure (48 h-LC50) was estimated by
the Trimmed Spearman-Karber method with 95% confidence
intervals (Hamilton et al., 1977).

RESULTS

Physical and Chemical Characteristics of
the Environment
Water quality parameters were measured during the monthly
monitoring that took place from October 2014 to January 2018
at five fixed locations (sampling series B). Average salinity for this
period was above 30 in the stations close to the bay’s entrance and

along the bays main channel, whereas in the shallow embayment,
such as at station B4 (Figure 1), salinity was lower, averaging
25 with wide variation toward lower salinities (minimum of
14.6) (Figure 2A). Water temperature, on the other hand, was
on average higher on station B4 (average 25◦C) compared to
the other stations (Figure 2B). Transparency, measured as Secchi
disc depth, showed a strong variation across the bays axis, from
ca. 3m at the bay’s entrance to < 1m at station B4 (Figure 2C).
Silicate increased from the entrance (stations B1 and B2) toward
the inner parts of the bay, with the highest values (average
24µM) at station B4 (Figure 2D). Average nitrate concentration
was above 2µM, except in station B4 (average 0.7µM) with
maxima in excess of 9.8µM (Figure 2E). Nitrite concentrations
ranged from 1.6 to 2.2µM, increasing from the bay’s entrance
toward its inner parts (Figure 2F). Ammonia (Figure 2G) and
orthophosphate (Figure 2H) were much higher at station B4
(>200 and >10µM, respectively) that in other parts of the bay,
as also observed for organic nitrogen (Figure 2I) and organic
phosphorus (Figure 2J). Average chlorophyll a concentrations
were high across the bay, increasing from the entrance to the
inner parts, with extremely high values in excess of 500 µg L−1

at station B4 (average 110 µg L−1) (Figure 2K).

Climatology
The Multivariated El Niño Index (MEI) during the 4 years of
the monitoring in Guanabara Bay (February 2014 to January
2018) showed a strong, positive phase that lasted from the end
of 2014 to the first quarter of 2016, with the strongest positive
period (MEI above+1) during the austral spring and summer of
2015–2016 (Figure 3B). Local monthly average air temperature
(Figure 3C) ranged between 23◦C during winters to ca. 29◦C in
the summers. Averagemaximawere close to 40◦C in the summers
whereas minima were ca. 16◦C in winters. Average monthly
rainfall (Figure 3D) was higher from December to March with
peaks of 100 to 150mm with exception of the summer 2015–
2016 that showed levels up to 220mm, coinciding with the strong
positive MEI period.

Chattonella Subsalsa Blooms
The analysis of 563 samples collected within the 4 sampling series
(A to D) during the survey in Guanabara Bay from February
2014 to January 2018 showed a consistent occurrence of C.
subsalsa cells above the detection limit of our technique using
the FlowCam R© (i.e., 0.00087 × 106 cells L−1). Cell densities
in excess of 13 × 106 cell L−1 were observed during massive
blooms (Figure 2L, 3A and Table 1). A total of 37 samples had
>0.1 × 106 cell L−1 with 24 of those above 0.5 × 106 cell L−1

(Table 1). Most of these high cell density events were observed
within the zones IV and V (see map in Figure 1) that encompass
stations A2, B4, C4, to C6 in the shallow arears south and west
of the Governador Island. Station B4 alone (zone V) accounted
for 42% (10 out of 24) of all records of C. subsalsa above
0.5 × 106 cell L−1 (Table 1). The number of blooms and the
maximum concentrations of C. subsalsa decreased consistently
toward sampling stations within zones I to II, located on or
near the bay’s main channel (Figure 2L, Table 1). Fish-kills were
reported in the local media at least on six occasions from April,
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FIGURE 2 | Physical and chemical water parameters and C. subsalsa cell concentration in five locations (B1 to B5, see map in Figure 1) in Guanabara Bay sampled

on a monthly basis from October 2014 to January 2018. (A) salinity; (B) water temperature; (C) Secchi depth; (D) silicate; (E) nitrate; (F) nitrite; (G) ammonia; (H)

orthophosphate; (I) organic nitrogen; (J) organic phosphorus; (K) chlorophyll a; (L) C. subsalsa cell concentration. The box plot shows mean (thick line inside the

box), first and third quartiles (lower and upper box limits), standard deviation (whiskers) and outliers (open circles beyond the whiskers).
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FIGURE 3 | Concentration of C. subsalsa cells in Guanabara Bay and climatological parameters over a 4-year period (February, 2014 to January, 2018). (A) C.

subsalsa cell concentration detected in samples from four monitoring series (A–D, see map in Figure 1 for details), *Fish-kills in Guanabara Bay reported in the local

media; (B) Multivariate El Niño Index; (C) average (solid line), maximum (dashed line), and minimum (dotted line) monthly air temperature; (D) accumulated monthly

pluviosity.

TABLE 1 | Number of C. subsalsa blooms with >0.1 × 106 cells L−1 and >0.5 ×

106 cells L−1 in five zones of Guanabara Bay as shown in the map of Figure 1.

Sampling

zone

Number of

samplings with

>0.1 × 106 cells L−1

Number of

samplings with

>0.5 × 106 cells L−1

Highest cell

concentration

× 106 L−1

I 2 1 0.7

II 4 2 2.5

III 5 1 0.5

IV 14 10 8.0

V 12 10 13.3

All 37 24 13.3

The highest cell concentration recorded for the period in each zone is also shown.

2014 to mid-January, 2016 (Figure 3A), mostly in the inner parts
of the bay.

Chattonella Morphology and Molecular
Characterization
Live Chattonella cells from Guanabara Bay were analyzed in the
microscope and in the FlowCam R© in all samples where cells
were detectable. A set of 1,776 cells measured in the images
from the FlowCam R© were 34.9 ± 4.5µm (mean ± SD) long

TABLE 2 | Linear dimensions of C. subsalsa from Guanabara Bay based on 1,776

images of live cells obtained with the FlowCam®.

Length (µm) Width (µm)

Mean (SD) 34.9 (4.5) 20.1 (3.1)

Range 23.0–56.4 12.2–32.1

SD, standard deviation.

and 20.1 ± 3.1µm (mean ± SD) wide (Table 2). Cells appeared
pyriform, often elongated, with roundish, golden to brownish
chloroplasts densely packed filling up nearly the whole cell
(Figure 4). Cell surface often appeared lumpy with chloroplasts
protruding to form an irregular surface. Two flagella emerging
from a subapical groove were visible in the microscope. A
hyaline, tail-like protrusion at the posterior end of the cells, one
of the hallmarks of C. subsalsa Biecheler (Tomas et al., 2002), was
often observed both in the microscope and in the FlowCam R©

images (Figure 4).
Sequencing of the 18S rDNA gene from the four Chattonella

isolates produced 701 nt. long, identical sequences. The
sequences are deposited in the GenBank database (National
Center for Biotechnology Information, NCBI) under accession
numbers MK217469, MK217470, MK217471, and MK217472. A
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FIGURE 4 | Live C. subsalsa cells from plankton samples collected in Guanabara Bay. (a) Live cells imaged by the FlowCam®; (b,c) Live cells observed in an inverted

mircroscope at 40X magnification. The hyaline, tail-like protrusion at the posterior end of the cells typical of C.subsalsa can be seen (arrows). Scale: a: 10µm, b and c:

20µm.

BLASTn search showed that the sequences were 100% similar
to sequences of C. subsalsa. In a phylogenetic reconstruction
(Figure 5) with other raphidophytes, 18S rDNA sequences from
the four Guanabara Bay isolates clustered together with other C.
subsalsa sequences with 97% bootstrap support, as a sister group
to a cluster containing C. marina var. antiqua and C. minima.
The Chattonella genus cluster was separated from the other
raphytophyte genus, Heterosigma, with 99% bootstrap support.

Growth Rates of C. subsalsa Cultures
The four C. subsalsa strains isolated from Guanabara Bay grew
well when inoculated in f/2 medium with salinity 20 and 30
(Figure 6). Attempts to grow the strains in salinity 10 and in
freshwater failed. Growth rates (µ) ranged from 0.23 ± 0.06 d−1

(mean± SD) for strain CCMR0025 up to 0.81± 0.04 d−1 (mean
± SD) for strain CCMR0026, at salinity 20. Average growth rate
for all four strains was 0.50 ± 0.23 d−1 (mean ± SD) when
growing in salinity 20 and 0.54 ± 0.10 d−1 (mean ± SD) in
salinity 30. Strain CCMR0025 grew significantly faster at salinity
30, whereas strain CCMR0026 grew significantly faster at salinity
20. The other two strains grew equally fast at both salinities
(Figure 6; Table S1).

Toxicity of C. subsalsa Cultures
The C. subsalsa strains CCMR0024 and CCMR0026 were both
equally toxic to Artemia salina nauplia. The LC50-48h was 7.5 ×
106 cells L−1 (95% CI: 4.7× 106 to 11.9× 106 cells L−1) for strain
CCMR0024 and 7.3 × 106 cells L−1 (95% CI: 4.5 to 11.7 × 106×
106 cells L−1) for strain CCMR0026.

Influence of Water Parameters and
Climatology on C. subsalsa Cell
Concentrations
A total of 163 samples collected during the survey in
Guanabara Bay (sampling series B) were used in a PCA
to check the influence of local environmental variables on
the occurrence of C. subsalsa (Figures 7A,B; Table S2). The
first and second components explained 71% of the variance.

The first component was negatively correlated (factor-variable
correlation <-0.5) with C. subsalsa cell concentration (−0.53),
chlorophyll (−0.88), phosphate (−0.87), organic phosphorus
(−0.86), total phosphorus (−0.97), ammonium (−0.86), organic
nitrogen (−0.85), total nitrogen (−0.94), and silicate (−0.67),
and positively correlated (factor-variable correlation >0.5) with
salinity (0.83) and water transparency (0.66). The second
component was negatively correlated with nitrite (−0.84) and
nitrate (−0.79) concentrations and positively correlated with
water temperature (0.56). Samples collected at station B4
(shallow enclosed area of the bay) clustered together separated
from the others (main channel of the bay) (Figure 7B). A second
PCA was done to check the influence of climatological variables
on C. subsalsa cell concentrations (Figures 7C,D; Table S3).
The two first components explained 67% of the variance. In
this case, the first component was negatively correlated (factor-
variable correlation<-0.5) with average monthly air temperature
(−0.88) and maximummonthly wind speed (−0.82). The second
component was negatively correlated with maximum monthly
C. subsalsa cell concentrations (−0.56) and the MEI (−0.88)
(Figure 7C; Table S3). Accumulated monthly pluviosity, despite
being closely associated with MEI and C. subsalsa in the
diagram of the two first components (Figure 7C), was only
weakly correlated to the first (−0.38) and the second (−0.31)
components (Table S3). Samples collected in summer and spring
formed a cluster apart from samples taken in autumn and winter,
influenced by the variables average monthly air temperature and
maximumwind speed of component 1 (Figure 7D). Themultiple
regression analysis between monthly maximum C. subsalsa cell
concentrations and climatological variables showed significant
correlation only between C. subsalsa concentration and MEI
(Pearson’s r = 0.36; p= 0.007) (Table S4).

DISCUSSION

Frequency and magnitude of harmful algal blooms in aquatic
environments result from a combination of factors. Cultural
eutrophication and climate-induced changes in physical and
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FIGURE 5 | Phylogenetic reconstruction of C. subsalsa strains isolated from Guanabara Bay (red, boldface font) and other raphidophytes based on 18S rDNA

sequences. The evolutionary history was inferred by using the Maximum Likelihood method based on the Tamura-Nei model. A discrete Gamma distribution was used

to model evolutionary rate differences among sites [5 categories (+G, parameter = 0.1000)]. The tree is drawn to scale, with branch lengths measured in the number

of substitutions per site. The analysis involved 20 nucleotide sequences. All positions containing gaps and missing data were eliminated. There were a total of 699

positions in the final dataset. Evolutionary analyses were conducted in MEGA7.

FIGURE 6 | Maximum growth rate of four C. subsalsa strains isolated from

Guanabara Bay cultivated in two salinities (20 and 30). Values are average of

triplicate cultures for each salinity. Different letters above the bars indicate

significant differences in growth rate according to an ANOVA with Tukey’s HSD

post-hoc test (p < 0.05). Whiskers: 1SD.

chemical properties of coastal ecosystems are major drivers
of a global increase of such blooming events (Burkholder
et al., 2006; Heisler et al., 2008). Raphidophytes such as the
genus Chattonella thrive in nutrient-enriched waters during

warm periods (Onitsuka et al., 2015). Their ability to perform
mixotrophy by the uptake of dissolved organic compounds as
well as particles such as bacteria make them good competitors
as eutrophication increases (Burkholder et al., 2008; Jeong
et al., 2010). Our four-year monitoring unveiled a consistent
presence of C. subsalsa in the surface waters of Guanabara Bay,
with recurrent blooming events at very high concentrations.
Although the genus Chattonella has been previously reported as
a component of the bay’s phytoplankton community (Valentin
et al., 1999; Villac and Tenenbaum, 2010; Odebrecht et al., 2018)
even in bloom conditions (Sevrin-Reyssac et al., 1979), this is the
first systematic, long-term survey that shows its regular presence
and blooming frequency in this important and heavily impacted
estuarine system.

Guanabara Bay’s poor water quality and high pollution levels,
especially due to high loads of untreated urban waste from its
drainage basin is well-known and acknowledged as one of the
main environmental issues in the highly populated metropolitan
area of Rio de Janeiro city (Paranhos et al., 1998; Fistarol
et al., 2015). High chlorophyll levels normally found in the
bay are evidence of its high primary productivity and the
occurrence of algal blooms (Fistarol et al., 2015; Oliveira et al.,
2016). During our survey of series B (five stations), chlorophyll
concentrations in excess of 100 µgL−1 were registered several
times. Remarkably, little is known of the identity of the causative
microalgae blooming in the bay’s waters. The nearby coastal
area of the Atlantic Ocean and other estuarine systems north
and southward from the Guanabara Bay entrance, notably the
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FIGURE 7 | Principal component analysis. Plots showing variables and samples plotted on the two first components axes. (A,B) PCA based on a correlation matrix of

C. subsalsa cell concentration and water physical and chemical variables of 163 samples collected in five locations in Guanabara Bay (series B). SIO3: silicate; PO4:

orthophosphate; NH4: ammonia; NO2: nitrite; NO3: nitrate; TP: total phosphorus; TN: total nitrogen. (C,D) PCA based on a correlation matrix of monthly C. subsalsa

maximum cell concentration and climatological variables from February, 2014 to January, 2018. MEI: Multivariate El Niño Index. Sampling season is indicated in the

samples coordinates plot.

Rodrigo de Freitas Lagoon, characterized by high nutrient levels
and very limited water exchange with the ocean, have recurrent
blooms of harmful species, including the fish-killer raphidophyte
Heterosigma akashiwo, with multiple records of massive fish-kills
(Branco et al., 2014; Castro et al., 2016).

The time-span, spatial coverage and high number of
samplings (>500 in total) conducted in this study was crucial
to construct a clear picture of the main areas of the bay where
C. subsalsa is more abundant, i.e., the shallow enclosed areas
west of the main channel nearby Governador Island (zones IV
and V, Figure 1, Table 1). This was also the area with the highest
levels of nutrients, as well as organic P and N, and chlorophyll a
concentrations, and the lowest water transparency, and therefore
this region is classified as hypereutrophic (Ryding and Rast,
1989; Fistarol et al., 2015). Autotrophic biomass production is
directly linked to the availability of light (Cadée and Hegeman,
1979; Joint and Pomroy, 1981; Pennock and Sharp, 1986). The
contribution of nutrients and organic matter tends to decrease
water transparency in coastal areas (Cloern, 1987; Gameiro et al.,
2011). Light is likely a limiting factor for autotrophic growth

in the shallow areas of Guanabara Bay around zone IV and
V as Secchi depth was often <1m, mainly during the rainy
season (spring and summer). During periods of light limitation,
C. subsalsa may utilize mixotrophy as this nutritional strategy
may be triggered not only by nutrients limitation, but also by
light shortage (Nygaard and Tobiesen, 1993; Jones, 1994, 2000;
Jeong et al., 2010). The PCA with C. subsalsa concentration
and water quality properties corroborates this observation as
C. subsalsa was correlated with the component that represents
eutrophication caused by freshwater discharges into the bay (low
salinity, low transparency, high P, and N organic loads, high
phosphate and ammonia). The occurrence of C. subsalsa in other
sampling areas along themain axis of the central channel (zones I,
II and III) was much lower and is probably the result of transport
of cells from the shallow areas by tidal currents that penetrate
the bay from the entrance in the south and reach up to the area
around station B5, nearby Paquetá Island, in the north portion
of the bay (Kjerfve et al., 1997). The area around station B4 is,
therefore, a source of C. subsalsa that, on occasions, might be
detected in bloom concentrations as far as the bay entrance (zone
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I). Similarly, the shallow areas north of the Governador Island
that are also nutrient-rich (Mayr et al., 1989; Kjerfve et al., 1997;
Fistarol et al., 2015) might also be suitable for C. subsalsa blooms
formation. As this area was not covered by our monitoring, this
remains as a hypothesis to be investigated in future studies.

Members of the genus Chattonella are known to be
euryahaline (Khan et al., 1995; Strom et al., 2013) which is well
in line with our observation of growth by the four C. subsalsa
strains in both salinity 20 and 30. This phenotypical plasticity
of C. subsalsa is an important trait for its success in a highly
variable environment influenced by the tide as the Guanabara
Bay (Paranhos and Mayr, 1993). The fact that C. subsalsa isolated
from the bay grew well in both conditions, albeit significant
differences in two of the four strains, indicates that salinity is
not the limiting factor for the occurrence of the species and that
low hydrodynamics and excess of nutrient and organic matter in
the enclosed areas offer a suitable niche for the species to bloom.
Moreover, the relatively high growth rates of most strains tested
in this study highlights the potential of C. subsalsa to rapidly
develop blooms when environmental conditions are suitable. An
average specific growth rate of 0.5 d−1, as measured for our
strains, equals a doubling time of 1.3 d, which is fast enough to
overcome flushing by the tides, since it takes ca. 11 days to renew
50% of the water in the bay (Kjerfve et al., 1997). Also, this half-
residence time is an average for the whole bay. Water renewal in
areas of more restricted circulation, as around station B4, is likely
to be longer.

Perhaps one of the most striking features of the C. subsalsa
concentration time-series produced here is the observation that
blooms were more frequent during the positive MEI period,
which also coincided with a slightly high rainfall period in the
bay area. Accordingly, the PCA based on climatological data
associated C. subsalsa abundance with positive MEI, whereas
local temperature and wind speed had less contribution in
explaining the blooms. Average monthly pluviosity, although
correlated with the same principal component as C. subsalsa and
MEI, indicating that these variables may change together, was
not significantly correlated to monthly maximum C. subsalsa cell
concentrations in the multiple regression analysis. Nevertheless,
the PCA performed with individual sampling locations water
parameters indicated that C. subsalsa concentration is higher
in areas of the bay with low salinity and high nutrient loads.
Thus, it was reasonable to expect some positive effect of periods
of higher pluviosity on the occurrence of blooms due to an
increase in riverine discharge that carries more nutrients into
the bay. Such effect may not have been fully captured in our
analysis due to the temporal and spatial scales of pluviosity andC.
subsalsa cell concentrations of our dataset. Also, a possible time
lag in the response of the raphidophyte growth to precipitation
might have contributed to this lack of correlation. A more
comprehensive time series analysis of pluviosity over the entire
bay’s drainage basin and C. subsalsa concentrations is necessary
to clarify such causal relationship. Periods of El Niño (the
positive phase of the ENSO phenomenon, thus positive MEI)
are marked by an increase in average precipitation and also in
the frequency and intensity of extreme rainfall events in the
south and southeastern regions of South America, including the

borderline of the tropical belt (22.79◦S) where Guanabara Bay is
located (Grimm and Tedeschi, 2009). Conditions for C. subsalsa
bloom development are strongly linked to nutrient discharged
into the bay, which is driven by factors that influence pluviosity,
e.g., regional climatic setups that are governed by cyclic, global
climatic phenomenon with rather irregular decadal frequency
such as the ENSO. The influence of climate-induced changes in
coastal ecosystems as promoter of more frequent and intense
HABs is well-acknowledged (Edwards et al., 2006; Onitsuka et al.,
2015). Extreme El Niño events are expected to occur twice
as often in a scenario of global temperature increase of 1.5◦C
(Wang, 2017), which will likely increase even more the frequency
of C. subsalsa blooms in Guanabara Bay.

The occurrence of Chattonella species in coastal waters is a
nuisance mostly due to their high fish-killing potential (Marshall
et al., 2003). C. subsalsa strains isolated from Guanabara Bay
were lethally toxic to brine shrimp nauplia at cell concentrations
of 7.4 × 106 cells L−1 which is less than the highest natural
levels found in this environment. Harmful effects of Chattonella
on fish can be elicited at cell densities as low as 0.1 x106 cells
L−1 (Imai et al., 2006). Mortality to brine shrimp, although
not a direct measure of ichthyotoxicity, demonstrates a toxic
potential by Guanabara Bay’s C. subsalsa cultures. Brine shrimp
is commonly used as test organism to screen the toxic potential
of microalgae and cyanobacteria (Lincoln et al., 2008) and also
respond to the presence of ichthyotoxic species as shown during
blooms of Prymnesium parvum in a brackish lake in Finland
(Lindholm et al., 1999). The toxic potential of our strains,
added to repeated reports of fish-kills during the period when
C. subsalsa blooms were more frequent and intense in the bay,
highlight the threat posed by this microalga to the bay’s fish
communities. Brevoortia aurea, known as Brazilian menhaden, is
the main fish species affected during mass mortalities observed in
the bay (Fistarol et al., 2015). A more robust causal relationship
between the occurrence of C. subsalsa blooms and fish-kills in
this environment awaits further investigation as the occurrence
of harmful algae during fish kills does not necessarily reflect
a cause-and-effect relationship (Lewitus et al., 2003). Water
samples might be collected too long after fish kills to assess
whether mortality is associated with phycotoxins, or a more
general effect e.g. oxygen depletion and suffocation. The scale
of sampling might also be inadequate to register the exact
conditions of the bloom at the onset or during fish-kills. Also, it
is important to notice that this hypereutrophic estuary harbors
other potential fish-killing microalga e.g., the dinoflagellate
Karlodinium venificum and the raphidophyte Heterosigma
akashiwo (Fistarol et al., 2015; Higashi et al., 2017). However,
during the four-year monitoring neither genera were found as
a major phytoplankter in our samples. Likewise, Chattonella
cell morphology detected throughout our monitoring was
consistent with C. subsalsa (Throndsen, 1997; Tomas et al.,
2002) across sampling points and over time. Moreover, our
molecular characterization corroborates the morphology of the
raphidophyte as C. subsalsa. We thus conclude that although
other raphidophytes do occur in Guanabara Bay (Higashi et al.,
2017) it seems that the dominant member of the group in this
estuary is C. subsalsa.
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A recent and exhaustive review on the occurrence of HABs
along the Brazilian coast from 2006 to 2016 (Castro et al., 2016)
did not report blooms in Guanabara Bay, despite the extremely
high chlorophyll biomass normally found in its waters (Mayr
et al., 1989; Kjerfve et al., 1997; Oliveira et al., 2016). Our
monitoring focusing on a single HAB species unveiled several
blooms over a relatively short period of time. Recurrent, massive
HAB events seem to be a neglected subject in Guanabara Bay
research programs. Potentially toxic blooms of C. subsalsa in
Guanabara Bay are nourished by a heavy load of nutrients
of riverine origin. Global climatic drivers such as the ENSO
and its influence on regional climate result in periods of
more favorable conditions for bloom formation. As seen in
other coastal areas worldwide (e.g., Imai et al., 2006) reducing
organic matter and inorganic nutrient inputs to Guanabara
Bay is paramount to mitigate C. subsalsa blooms and its
harmful effects.
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Among marine phytoplankton, dinoflagellates are a key component in marine
ecosystems as primary producers. Some species synthesize toxins, associated with
human seafood poisoning, and mortality in marine organisms. Thus, there is a large
necessity to understand the role of environmental variables in dinoflagellates spatial-
temporal patterns in response to future climate scenarios. In that sense, a monthly
four-year (2013–2017) monitoring was taken to evaluate dinoflagellates abundances
and physical-chemical parameters in the water column at different depths. Sampling
sites were established at 10 miles in four locations within the Ecuadorian coast.
A total of 102 taxa were identified, corresponding to 8 orders, 22 families, and 31
genera. Eight potentially harmful genera were registered but no massive blooms were
detected. The most frequent dinoflagellates were Gymnodinium sp. and Gyrodinium
sp. Environmental variables showed different mixing layer thickness and a conspicuous
and deepening thermocline/oxycline/halocline and nutricline depending on annual and
seasonal oceanographic fluctuations. This study confirms that seasonal and spatial
distribution of the environmental variables are linked to the main current systems on the
Eastern Tropical Pacific, thus the warm Panama current lead to a less dinoflagellates
abundance in the north of Ecuador (Esmeraldas), while the Equatorial Upwelling and
the cold nutrient-rich Humboldt Current influence dinoflagellates abundance at the
central (Manta, La Libertad) and South of Ecuador (Puerto Bolivar), respectively. Inter-
annual variability of dinoflagellates abundance is associated with ENSO and upwelling
conditions. Climate change scenarios predict an increase in water surface temperature
and extreme events frequency in tropical areas, so it is crucial to involve policy-makers
and stakeholders in the implementation of future laws involving long-term monitoring
and sanitary programs, not covered at present.

Keywords: dinoflagellates, HABs, ENSO, tropical Eastern Pacific, nutrients, upwelling, humboldt current

INTRODUCTION

The Equatorial Pacific region is characterized by a unique complex oceanographic variability with
a well-defined Equatorial Front where El Niño Southern Oscillation (ENSO) events eventually
occur (Santos, 2006; Gierach et al., 2012). The Ecuadorian coast is divided in two biogeographical
regions, a northern “Bay of Panama” ecoregion from Azuero Peninsula to Bahía de Caráquez and a
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southern “Guayaquil” ecoregion from Bahía de Caráquez to the
Illescas peninsula in Perú (Sullivan and Bustamante, 1999). The
northern coast of Ecuador is influenced by the warm current
of Panama and the current of El Niño, while the Humboldt
current brings cold water to the southern Ecuadorian coast
which contributes to outcrops formation in the area (Cucalon,
1989). The southern sector is the most productive area regarding
fisheries and shrimp production (Pennington et al., 2006). Due
to the variability found in oceanographic conditions over the
Ecuadorian coast, there is a noticeable heterogeneity concerning
physical, chemical, and biological parameters which leads to a
high diversity in phytoplankton communities (Smayda, 2008)
and the potential formation of harmful algae blooms (HABs).

The oceanographic conditions identified as drivers of HABs,
are linked to those conditions associated to upwelling systems
(cold nutrient-rich waters), high column water stratification
(mostly associated to ENSO conditions), and long-term sea
surface temperature (SST) increase due to climate change
(Hallegraeff, 2010; McCabe et al., 2016; Kudela et al., 2017). Those
studies that have related the particular oceanographic conditions
with the occurrence of HABs in the Pacific Ocean (Brown
et al., 2003; Franco-Gordo et al., 2004; Moore et al., 2010), have
shown that those factors module the phytoplankton community
and dynamics. In general, the phytoplankton community on
the Eastern Tropical Pacific (ETP) region is characterized by
relatively low levels of biomass, with the dominance of small
species and rare large bloom-forming diatoms (Brown et al.,
2003). Diatoms and dinoflagellates are two major groups of
phytoplankton that flourish in the oceans (Abate et al., 2017),
mostly registered in the south-eastern Equatorial Front (Jimenez-
Bonilla, 1980; Torres and Tapia, 2002), and upwelling systems
(Shulman et al., 2012). Particularly, dinoflagellates exhibit
environmentally induced adaptation and survival to changing
environmental conditions (Kudela et al., 2010).

Among the dinoflagellate community, there are some toxin
producer dinoflagellates which may impact negatively marine
ecosystems causing massive marine organism mortality, cause
economic damage in coastal locations and affect human health by
seafood consumption (Li et al., 2014). In addition, ballast waters
contribute to the transfer of phytoplankton in commercial and oil
tankers resulting in the dispersion of non-native phytoplankton
species, increasing the risk of phytoplankton proliferation
(Hallegraeff, 2003). Moreover, physiological changes may affect
phytoplankton communities in response to climate change
(Poloczanska et al., 2016) with consequences in their distribution
and abundances worldwide. In that sense, it is important
to perform studies related to phytoplankton biodiversity
characterization and its spatio-temporal variability to guarantee
an optimal integrated coastal management, contributing to future
decisions from policy-makers to optimize waters vigilance.

Some countries of Latin America, such as Chile or
Mexico, have implemented HABs monitoring regarding seafood
production safety (Daguer et al., 2018; León-Muñoz et al., 2018).
However, in Ecuador there is a lack of a national regulation
plan, related to phytoplankton observations. Nevertheless, the
Oceanographic Institute of Ecuador (INOCAR) has performed
periodic monitoring since 1989 along the Ecuadorian coast.

Torres (2015) observed the presence of algal proliferations along
the Ecuadorian coast, which were more frequent in the Gulf
of Guayaquil, where most aquaculture activities are located.
Therefore, through the analysis of the INOCAR data bases,
this study aims to provide information related to dinoflagellates
abundances dynamic across a broad latitudinal area from 2013 to
2017 that constitute a base-line for future investigations.

MATERIALS AND METHODS

Study Area and Samples Collection
The study area was located between 0◦89 North and 03◦036
South, in the ETP Ocean. Along the study area, four geographic
points were settled as sampling stations: three of them located
10 miles from the coast: (1) Esmeraldas (Galera San Francisco),
(2) Manta, (3) La Libertad (Santa Elena Peninsula), and (4)
Puerto Bolívar (Figure 1). All stations have an approximate
depth of 100 m. except for Puerto Bolívar station, which is
located approximately 27 miles, inside the submarine platform
in a pit that is 9 m deep, northeast of Santa Clara Island in the
Gulf of Guayaquil.

At each sampling station, 200 mL water samples were collected
in plastic bottles from surface, 10, 20, 30, 40, 50, and 75 m
depth using a 3 Liter volume Vand Dorn bottle, then preserved
in neutral Lugol’s solution (final concentration 0.4%). Samplings
were performed monthly from February 2013 to December 2017,
between 09h00 to 12h00 am.

Phytoplankton Identification and
Abundance Estimation
Water samples were settled in 25 mL volume Utermöhl chambers
(Utermöhl, 1958), and observed in a Leica (ML) inverted
microscope after 24 h. Cell abundance estimation was performed
in horizontal transects of the chamber at 400× magnification.
Results are reported in cell. L−1. The validity of names of the
different taxa was checked on the World Register of Marine
Species (Horton et al., 2018). Dinoflagellate species identification
was based on Steidinger and Jangen (1997); Hoppenrath et al.
(2009)Hoppenrath et al. (2014); Omura et al. (2012), and
Lassus et al. (2016). The list of toxic species was checked
on the Taxonomic Reference List of Harmful Micro Algae
(Moestrup et al., 2009).

In Esmeraldas and Puerto Bolívar no sampling was performed
during February to December 2016 due to economic issues.

Environmental Variables
Temperature and salinity vertical profiles were obtained using
a SBE 19plus V2 SeaCAT Profiler CTD, at each sampling site.
Data was processed using the SEABIRD software. Water samples
for dissolved oxygen and nutrient estimation were collected
with Van Dorn bottles at same depths as for phytoplankton
analysis. Determination of dissolved oxygen for each sample was
carried out in situ following the protocol for Dissolved Oxygen
Test PEE/LAB-DOQ/01-INOCAR based on Apha (2005). Water
samples for nutrient analysis were filtered with 0.45 µm millipore
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filters and kept at −20◦C. Nitrate, silicate and total phosphate
were analyzed by techniques described in Test PEE/LAB-
DOQ/01-INOCAR based on Strickland and Parsons (1972). For
phosphates, as values in Equatorial Pacific waters are below
3 µmol. L−1, the analysis followed is detailed in Part II of the
protocol cited above. In Esmeraldas and Puerto Bolívar there
is no data for dissolved oxygen and nutrients from February to
December 2016 due to economic issues. In this study N/P is the
ratio between Nitrate and Phosphate.

Data Analysis
Before any formal statistical analysis, an exploratory data analysis
(EDA) was conducted to both, environmental and biological
databases in order to avoid further statistical problems (i.e.,
proper family distribution of the variable, homoscedasticity,
independence of the values), as suggested by Zuur et al. (2010).
Beside this, the environmental variables were inspected in
order to avoid collinearity (i.e., correlation among explanatory
variables), thus all variables who showed a Pearson correlation
coefficient (rho) higher than 0.7 were dropped from the analysis
(Supplementary Figure S1). Community analysis considered the
calculation of the common Shannon-Weaver diversity index and
its spatio-temporal variability. From an ecological perspective
those species with a percentage of occurrence higher than 2%
were related with the environmental variables using a canonical
correspondence analysis (CCA) for each year (ter Braak and
Verdonschot, 1995) through the “cca” function of the vegan
package (Oksanen et al., 2018). The significance of the models
were achieved through the function “anova.cca” (from the vegan
package, op.cit) which performs an ANOVA like permutation test
using 999 permutations (Borcard et al., 2018). All the statistical
analysis were conducted under the R software (R Core Team,
2018; version 3.4.4) and supervised by OneMind-DataScience1.

RESULTS

Dinoflagellate Community
Dinoflagellate Occurrence
During the studied period, a total of 102 dinoflagellate taxa were
identified, corresponding to 8 orders, 22 families and 31 genera
(Table 1). The genera Tripos and Protoperidinium were the most
diverse, comprising 22 and 16 species, respectively (Table 1).

The most dominating taxa were Gymnodinium sp (70%
occurrence), Gyrodinium sp (53%), and Gyrodinium acutum
(21%). Other representative genera were Protoperidinium spp
(16%), Oxytoxum spp (14%), Prorocentrum micans (13%),
Scripsiella spp (12%), Gonyaulax spp (10%), and Oxytoxum
scolopax (9.5%). The rest of the taxa presented lower percentage
of occurrence (Table 1).

With respect to the temporal variability of the species
mentioned above (most representative in terms of occurrence),
Gymnodinium sp, Gyrodinium sp, Oxytoxum spp, and O. scolopax
were present during the entire study period (Table 1). Gonyaulax
spp was present also for both seasons (wet and dry seasons)

1https://onemind-datascience.com/

and all years except 2016, which was not observed (Table 1).
Gyrodinium acutum and Scripsiella spp was found in both wet
and dry seasons, but only for the 2015 to 2017 period (Table 1).

Protoperidinium spp was found also in both wet and dry
seasons but for the 2013–2015 period (Table 1). Instead, for the
years 2016 and 2017, Protoperidinium spp was only observed
during the dry season. P. micans was only found in dry season
for 2013 and for wet season in 2016; instead during the period
2015–2017, P. micans was present in both seasons (Table 1).

Spatio-Temporal Variability
The two most dominant species, Gymnodinium sp and
Gyrodinium sp, were more abundant in Manta, with bloom
formation up to 1.2× 106 cell. L−1 for Gymnodinium sp in April
2017 (Figure 2A) and 5.4 × 104 cell. L−1 for Gyrodinium sp in
February 2016 (Figure 2B).

Regarding cell abundance estimation, 2013 registered for
the entire water column studied (0–75 m depth) the lowest
abundances comparing with the rest of the years (Figure 3).
For 2013, the maximum values were found at surface in La
Libertad (mostly corresponding to March (2.8 × 105 cell. L−1)
and at 10 m depth in Puerto Bolívar (mostly in February,
2.0 × 105 cell. L−1). In 2014, abundances were higher in
the first 10 m of the water column except for Esmeraldas
where abundances were similar in the first 30 m, being lower
comparing with the other sampling sites for the same year
(Figure 3). The maximum abundances in 2014, were observed
at 10 m in Manta and at surface in Puerto Bolivar (with
the maximum value corresponding to May, with 2.9 × 105

cell. L−1 and 3.8 × 105 cell. L−1, respectively). In 2015,
Esmeraldas registered again the lowest concentrations in the
first layers, comparing with the other sampling sites for the
same year. The same vertical pattern was observed, as in 2014,
with similar abundances from surface until 30 m (Figure 3).
Maximum of the year occurred in La Libertad at surface, in
March (1.1 × 106 cell. L−1) and at 20 m depth in Puerto
Bolívar in July (maximum value of 4.5 × 105 cell. L−1).
No peaks were registered during the year 2016, but data is
not available for Esmeraldas and Puerto Bolivar. Thus, the
maximum concentrations registered were observed in the first
20 m for Manta and La Libertad sites (Figure 3). The maximum
abundances were found at surface and at 75 m depth for Manta
(in February with 1.7 × 105 cell. L−1 and 1.4 × 105 cell.
L−1, respectively) and at surface for La Libertad site (with
maximum value for March with 1.0× 105 cell. L−1). The highest
concentrations of the sampling period were reported in 2017
(Figure 3), mostly between January and June. The maximum
abundance was found in Manta, in April at surface, 1.5 × 106

cell. L−1 and at 10 m depth in Manta with an abundance of
4.0 × 105 cell. L−1. In February, at the first 10 m layer, Manta
and Esmeraldas sites registered also high abundance values
(∼3.5× 105 cell. L−1 and∼ 2.5× 105 cell. L−1, respectively). The
pattern of decreasing dinoflagellate concentration with depth,
(very significant from 20 m onward) observed in the vertical
abundances’ distribution for the rest of the study period, in
2017 is not so marked (Figure 3). In 2017, high abundances
are observed in more deep layers (30–40 m) respecting to the
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TABLE 1 | Occurrence of dinoflagellates taxa (D, dry season; R, rainy season; + presence).

Order Family Species Ocurrence (%) 2013 2014 2015 2016 2017

R D R D R D R D R D

Dinophysiales Amphisoleniaceae Dinophysis bidentata Schröder, 1900 0,21 + + +

Dinophysiaceae Dinophysis acuminata Claparéde and
Lachmann, 1859

0,62 + + + +

Dinophysis caudata Saville-Kent, 1881 1,46 + + + + + + +

Dinophysis cf. rotondata Claparéde and
Lachmann, 1859

1,45 + + +

Dinophysis ovum Schutt, 1895 1,45 + + + + + + +

Dinophysis spp. Ehrenberg, 1839 2,56 + + + + + +

Ornithocercus quadratus Schutt, 1900 0,14 +

Ornithocercus steinii Schutt, 1900 0,42 + + + +

Ornithocercus thumii (Schmidt) Kofoid
and Skogsberg, 1928

0,14 +

Oxyphysaceae Phalacroma doryphorum Stein, 1883 0,07 +

Phalacroma rapa Jorgensen, 1923 0,07 +

Gonyaulacales Ceratiaceae Tripos boehmii (H.W.Graham and
Bronikovsky) F.Gómez, 2013

0,07 +

Tripos breve (Ostenfeld and Schmidt) F.
Gómez, 2013

0,28 + + +

Tripos candelabrus (Ehrenberg) F.
Gómez, 2013

0,35 + + + +

Tripos declinatus (G.Karsten) F.Gómez,
2013

0,83 + + + + +

Tripos deflexus (Kofoid) F.Gómez, 2013 0,48 + + + + + +

Tripos dens (Ostenfeld and Johannes
Schmidt) F.Gómez, 2013

0,97 + + + + + + +

Tripos extensus (Gourret) F.Gómez,
2013

0,07 +

Tripos falcatus (Kofoid) F.Gómez, 2013 0,21 + + +

Tripos falcatiformis (Jörgenen)
F.Gómez, 2013

0,07 +

Tripos furca (Ehrenberg) F. Gómez,
2013

4,85 + + + + + + + + +

Tripos fusus (Ehrenberg) F.Gómez,
2013

3,88 + + + + + + + + + +

Tripos hexacanthus (Gourret) F.Gómez,
2013

0,07 +

Tripos lunula (Schimper ex Karsten)
F.Gómez, 2013

0,07 +

Tripos massiliensis (Gourret) F.Gómez,
2013

0,35 + + + +

Tripos muelleri Bory de Saint-Vincent,
1824 , F. Gómez, 2013

1,11 + + + + + + + + +

Tripos pentagonus (Gourret) F.Gómez,
2013 var. tenerum Jorgensen, 1920

3,11 + + + +

Tripos pulchellus (Schröder) F.Gómez,
2013

0,21 +

Tripos spp. Tripos Bory de
Saint-Vincent, 1823

0,28 +

Tripos strictus (Okamura and
Nishikawa) F.Gómez, 2013

0,07 +

Tripos subrobustus (Jørgesen)
F.Gómez, 2013

1,45 + + + + + + + + +

Tripos teres (Kofoid) F.Gómez, 2013 0,28 + + +

Tripos trichoceros (Ehrenberg) Gómez,
2013

1,39 + + + + + + + +

(Continued)
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TABLE 1 | Continued

Order Family Species Ocurrence (%) 2013 2014 2015 2016 2017

R D R D R D R D R D

Ceratocoryaceae Ceratocorys horrida (Schütt) Kofoid,
1910

0,14 + +

Goniodomataceae Triadinium polyedricum (Pouchet)
Dodge, 1981

0,07 +

Gonyaulacaceae Gonyaulax polygramma Stein, 1883 3,05 + + + + + +

Gonyaulax spinifera (Claparède and
Lachmann) Diesing, 1866

1,11 + + +

Gonyaulax spp. Diesing, 1866 9,83 + + + + + + + +

Gonyaulax turbynei Murray and
Whitting, 1899

0,28 + + +

Lingulodinium polyedra (F.Stein)
J.D.Dodge, 1989

0,07 +

Lingulodinium spp. D.Wall, 1967 1,52 + + + + + + +

Heterodiniaceae Heterodinium spp. Kofoid, 1906 0,42 +

Ostreopsidaceae Alexandrium spp. Halim, 1960 0,55 + + + + +

Pyrophacaceae Pyrophacus steinii (Schiller) Wall and
Dale, 1971

0,62 + + + + +

Gymnodiniales Gymnodiniaceae Amphidinium carterae Hulburt, 1957 0,07 +

Amphidinium spp. Claparéde and
Lachmann, 1859

0,48 + + + +

Cochlodinium spp. Schütt, 1896 1,04 + + + + +

Gymnodinium catenatum H.W.Graham,
1943

3,12 + + + + + + + +

Gymnodinium spp. Stein, 1878 69,94 + + + + + + + + + +

Gyrodinium spirale (Bergh) Kofoid and
Swezy, 1921

3,39 + + + + +

Gyrodinium spp. Kofoid and Swezy,
1921

52,7 + + + + + + + + + +

Gyrodinium acutum (Schütt) Kofoid and
Swezy, 1921

24,72 + + + + + +

Margalefidinium catenatum (Okamura,
1916) F.Gómez, Richlen and
D.M.Anderson, 2017

6,23 + + + + + + +

Kareniaceae Karenia spp. G.Hansen and Moestrup,
2000

0,07 +

Karenia mikimotoi (Miyake and
Kominami ex Oda) Gert Hansen and
Ø.Moestrup, 2000

0,28 + +

Polykrikaceae Polykrikos kofoidii Chatton, 1914 0,07

Noctilucales Noctilucidae Noctiluca scintillans (Macartney) Kofoid
and Swezy, 1921

1,32 + + + + + +

Protodiniferaceae Pronoctiluca rostrata F.J.R.Taylor, 1976 0,48 + +

Pronoctiluca spp Fabre-Domergue,
1889

0,07 +

Peridiniales Oxytoxaceae Corythodinium tesselatum (Stein)
Loeblich Jr. and Loeblich, III, 1966

0,35 + +

Corythodinium sp 1 Loeblich Jr. and
Loeblich III, 1966

0,07 +

Corythodinium sp 2 Loeblich Jr. and
Loeblich III, 1966

0,07 +

Oxytoxum mediterraneum Schiller 0,14 +

Oxytoxum scolopax Stein, 1883 9,56 + + + + + + + + + +

Oxytoxum sceptrum (F.Stein) Schröder,
1906

0,14 +

Oxytoxum turbo Kofoid, 1907 2,63 + + + +

Oxytoxum spp. Stein, 1883 14,4 + + + + + + + + + +

(Continued)
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TABLE 1 | Continued

Order Family Species Ocurrence (%) 2013 2014 2015 2016 2017

R D R D R D R D R D

Peridiniaceae Scrippsiella Balech spp. ex
A.R.Loeblich III, 1965

12,12 + + + + + +

Podolampadaceae Blepharocysta splendor-maris
(Ehrenberg) Ehrenberg, 1873

0,21 + +

Podolampas bipes Stein, 1883 0,21 + + +

Podolampas palmipes Stein, 1883 1,66 + + + + + + +

Podolampas spinifera Okamura, 1912 0,42 + + +

Protoperidiniaceae Preperidinium meunieri (Pavillard)
Elbrächter, 1993

0,21 + + +

Protoperidinium bispinum (Schiller,
1937) Balech, 1974

0,14 +

Protoperidinium brochii (Kofoid and
Swezy, 1921) Balech, 1974

1,94 + + + + + + +

Protoperidinium cassum (Balech, 1971)
Balech, 1974

0,9 + + + +

Protoperidinium compressum (Abé,
1927) Balech, 1974

0,9 + + + +

Protoperidinium depressum (Bailey,
1854) Balech, 1974

0,35 + + + +

Protoperidinium elegans (Cleve, 1900)
Balech, 1974

0,62 + + + +

Protoperidinium latispinum (Mangin,
1926) Balech, 1974

0,48 + +

Protoperidinium longipes Balech, 1974 0,14 +

Protoperidinium oceanicum (VanHöffen,
1897) Balech, 1974

0,42 + + + +

Protoperidinium pentagonum (Gran,
1902) Balech, 1974

0,42 + + + + +

Protoperidinium pedunculatum (Schütt,
1895) Balech, 1974

2,42 + + + + + + + +

Protoperidinium quarnerense
(B.Schröder, 1900) Balech, 1974

2,22 + + + + + + +

Protoperidinium simulum (Paulsen,
1931) Balech, 1974

5,12 + + + + + + + + + +

Protoperidinium steinii (Jørgensen,
1899) Balech, 1974

0,28 + +

Protoperidinium spp. Bergh, 1882 15,93 + + + + + + + +

Prorocentrales Prorocentraceae Prorocentrum compressum (J.W.Bailey)
Abé J.D.Dodge, 1975

2,98 + + + + + + +

Prorocentrum dentatum Stein, 1883 3,74 + + + + +

Prorocentrum gracile Schütt, 1895 2,49 + + + + + + + +

Prorocentrum lima (Ehrenberg) F.Stein,
1878

1,73 + + + + + + +

Prorocentrum mexicanum Osorio-Tafall,
1942

0,55 + +

Prorocentrum micans Ehrenberg, 1834 12,88 + + + + + + + +

Prorocentrum scutellum Schröder,
1900

0,55 + +

Prorocentrum spp. Ehrenberg, 1834 1,8 + + + + + +

Pyrocystales Pyrocystaceae Pyrocystis fusiformis C.W.Thomson,
1876

2,08 + + + + + + + +

Pyrocystis hamulus var. semicircularis
Schröder, 1900

0,14 + +

Pyrocystis lunula (Schütt) Schütt, 1896 0,21 +

Pyrocystis pseudonoctiluca
Wyville-Thompson, 1876

0,35 + + +

Pyrocystis spp. Murray ex Haeckel,
1890

0,07 +

Thoracosphaerales Thoracosphaeraceae Goniodoma sp. Stein, 1883 1,52 + + + +

TOTAL 36 31 28 43 41 63 40 33 53 70
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FIGURE 1 | Sampling sites; Esmeraldas (00◦55′16.0′′N; 80◦06′24.0′′O); Manta (00◦52′45.0′′S; 80◦50′05.2′′O); La Libertad (02◦03′55.0′′ S; 81◦07′15.0′′O); Puerto
Bolivar (03◦06′10.0′′S; 80◦29′47.0′′O).

other years (Figure 3) (i.e., at 30 m in May in Puerto Bolivar
with 3.8 × 105 cell. L−1 and at 50 m in April in Manta
with 3.9× 105 cell. L−1).

Species Richness
Species richness values ranged from zero to a maximum of
21 species recorded in Puerto Bolivar during 2015 (August).
Higher values were found in 0 m with a negative trend
with depth (Figure 4). At surface waters (0 m) Manta and
Puerto Bolívar showed the highest average values (median
value of 5 for both sites), followed by Esmeraldas and La
Libertad (median value of 4 for both sites). At 10 m depth
the pattern is the same, except Puerto Bolívar that showed
lower values (median of 4 species). Respect to the temporal
variability, there is a general increase pattern along the study
period, visualized as a predominance of observations above the
average value across the time span of the study. In addition,
along time series there are several periods were the species
richness values showed the highest values. Those periods were
between July to September 2013; the period between April
to June 2014; February and March of 2015 in La Libertad;
April and May of 2015 in Puerto Bolivar and Esmeraldas; the
period of August and October in Puerto Bolivar where its
maximum value was recorded; beginning of 2016, particularly
for Puerto Bolivar and Manta and finally, most notably a general
increase in richness values during 2017 starting in February
and ending during May for the northern sites (Esmeraldas
and Manta) and ending in September for southern sites (La
Libertad and Puerto Bolívar). A new increase at the end

of the study period (November – December) was evident
for all sites. maximum richness was found in August 2015
in Puerto Bolivar at 10 and 75 m depth (20 and 21 taxa,
respectively). Richness above 10 taxa were also observed the
same year at same depths in La Libertad (February and
March) and in 2017 at surface and 10 m in Manta (April),
Puerto Bolivar (April, May, July and August) and Esmeraldas
(May) (Figure 4).

Dinoflagellate Diversity
Diversity (Shannon–Wiener index) values ranged from 0 to
2.35 with southern stations (Puerto Bolívar and La Libertad)
showing the highest values (2.21 and 2.35, respectively).
In addition, higher richness values were found in surface
waters across sampling stations (probably influenced by the
richness gradient, see previous section) and along the sampling
period. However, in some occasions high richness values
were found in deeper waters during February to March
2013 (mostly for Manta and Puerto Bolivar), during the
period between February to May of 2014 (except for Manta),
between February to May 2015, between August to October
2015 and since the year 2017 where a general increase
in diversity index was found. This general increase for
2017 showed a maximum for all sites during April – May
(Supplementary Figure S2).

Harmful Algae
A total of 8 potential harmful dinoflagellate species were
observed in low abundances belonging to 4 orders and
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FIGURE 2 | Dinoflagellate cell abundance estimation (cell. L−1). Spatio-temporal variability of (A) Gymnodinium spp. (B) Gyrodinium spp. Abundance are expressed
as cells L−1.

6 families, Alexandrium sp, Cochlodinium catenatum,
Dinophysis acuminata, Dinophisis ovum, Gymnodinium
cf. catenatum, Karenia sp., Prorocentrum lima and
Prorocentrum mexicanum. The taxa that showed the highest
occurrence were C. catenatum and G. cf. catenatum (6 and
3%, respectively).

The highest cell abundance was recorded by C. catenatum
in May and June 2014 (7.5 × 104 and 9.6 × 104 cell. L−1)

in Puerto Bolivar. In general, the species was present in
southern stations. Contrary, G. cf. catenatum was registered
more times in northern stations, mainly in Esmeraldas,
maximum abundances were observed in February 2013
(4 × 104 cell. L−1). P. lima had an occurrence of 1.5%,
the highest abundance was recorded in February –
March 2015 at Puerto Bolívar at surface (9.1 × 104 cell.
L−1). Alexandrium spp, Karenia spp, P. mexicanum, D.
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FIGURE 3 | Spatial (horizontal and vertical) and temporal distribution of the dinoflagellate’s abundance (cell. L-1) across the years (rows), sampling sites (columns),
and seasonality represented by the sampling month (color bar).

acuminata, D. ovum, recorded the lowest occurrences
(<1%) (Table 1).

Environmental Variables
Temperature and Salinity
In general, water temperature was higher in Esmeraldas
compared to the rest of the stations during the studied
period with a maximum in surface of 28.86◦C in May
2017 (Figure 5A).

Concerning temporal variability, lowest temperatures
(<22◦C) registered in the first 10 m of the water column,
occurred in 2013 from June to August in Puerto Bolivar, August
and November in La Libertad, March and September in Manta
and March in Esmeraldas (Figure 5A).

The next 2 years, 2014 and 2015, lowest temperatures were
observed in February and March in Puerto Bolivar and La
Libertad in surface and 10 m while in Esmeraldas and Manta
there were also present at 20 m. In Puerto Bolivar and La Libertad
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FIGURE 4 | Spatio-temporal variability of dinoflagellates community richness. Color gradient scale represents the sampling depth. Horizontal (blue) line represents
the average value for the whole study coverage.

the lowest values occurred in September in all depths of the water
column (Figure 5A).

In 2016, lowest temperatures were reported in March in
Manta for the first 20 m and in April in Puerto Bolívar from
10 m (Figure 5A).

During 2017, lowest temperatures were registered in February
and March for Esmeraldas, Manta and La Libertad, while in
Puerto Bolivar there were also registered in April (Figure 5A).

Contrary, higher temperatures (>25◦C) registered in 2013
occurred from April to December in the first 40 m in Esmeraldas
and Manta, however, in La Libertad and Puerto Bolívar,
warmer waters were limited to the first layers, 20 and 10 m,
respectively (Figure 5A).

In 2014 and 2015, Esmeraldas and Manta registered warmer
waters in the 50 m of the water column from April to December,
evident in La Libertad and Puerto Bolivar (Figure 5A).

The thermocline was deeper in northern stations, Esmeraldas
and Manta (between 30 and 50 m), while in La Libertad and
Puerto Bolivar it was between 10 and 30 m (Figure 5A). Annual
vertical profiles of monthly mean temperature are available in
Supplementary Figure S3.

Lower salinity values (<32) were observed mainly in
Esmeraldas in 2013, 2014, and 2017. In the other stations, values
were between 33 and 34 during the studied period in the first
30–40 m of the water column. Saltier water layers (>35.00)
were present in deeper layers (between 40 and 100 m) with the
exception in 2015 and 2016 where in February, April, August and
October, higher salinities were observed up to 20 m (Figure 5B).

Annual vertical profiles of monthly mean salinity are available in
Supplementary Figure S4.

Nutrients and Dissolved Oxygen
Regarding nutrients, highest nitrate concentrations (5 a 27.6 µg-
at·L−1) were registered from 20 to 50 m, mainly during the
warm season (February and March) and dry season (From July
to October) in all sampling sites (Figure 6A). Lowest nitrate
concentrations (<1 µg-at·L−1) were observed in surface, up to
30 m and there was not a seasonal trend among sampling sites. In
general, Esmeraldas registered lowest values compared with the
rest of sampling sites. Annual vertical profiles of monthly mean
nitrate are available in Supplementary Figure S5.

Concerning phosphates, highest concentrations (>1 µg-
at·L−1) were registered in 2013 in Manta and Esmeraldas in
the first 50 m of the water column in February and March and
between 30 and 50 m from May to September. For the rest of the
years, higher values decreased between 0.3 and 1.9 ug.at/l and no
seasonal pattern was observed among stations (Figure 6B).

Lowest phosphate concentrations (<0.2 µg-at·L−1) were
mainly observed in Esmeraldas without a particular pattern.
Manta also registered low values but less frequency. Annual
vertical profiles of monthly mean phosphate are available in
Supplementary Figure S6.

Moreover, high silicate concentrations (>5 µg-at·L−1)
were registered in 2013, 2014, and 2017, with a slightly
variability among sampling sites (Figure 6C). Annual
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FIGURE 5 | Spatio-temporal variability of (A) Temperature and (B) Salinity.

vertical profiles of monthly mean silicates are available in
Supplementary Figure S7.

Concerning dissolved oxygen, values in all sampling sites were
between 4 and 5 mL. L−1 in the first 30–40 m approximately
in Esmeraldas and Manta, while in the southern sites, this
layer was found in higher depth (between 20 and 30 m). More
oxygenic waters (>5 mL. L−1) were found occasionally in
surface and 10 m layer in February and March 2013 and 2017,
between April and June 2016. Lower values of dissolved oxygen
(<2.5 mL·L−1) were observed between 40 and 50 m (Figure 6D).
Annual vertical profiles of monthly mean silicates are available in
Supplementary Figure S8.

Relationship With Environmental
Variables
For those species with a percentage of occurrence higher
than 2.8% the association between the environmental variables
and the structure of dinoflagellates was inspected through

CCA per year. Results showed for year 2013 a significant
proportion of total constrained inertia (TCI) explained by the
environmental variables (TCI = 8%, p-value < 0.05) with the
first two axis explaining more than 80% of this constrained
inertia (Table 2). Permutation showed that salinity, phosphate
and temperature significantly affected the community structure
for this year (Table 3). The community composition (CCA
analysis) showed that the species, Protoperidinium simulum
and Prorocentrum compressum, were positively correlated with
salinity and with N/P (this last being non-significant). The
taxa Oxytoxum sp and Protoperidinium sp. were positively
associated with high values of nitrite. The group formed by
Gymnodinium cf. catenatum, Oxytoxum turbo and P. micans
were positively associated with high values of temperature and
negatively with salinity and N/P values. N/P is the ratio between
nitrate and phosphate in this study, low N/P ratio have been
associated to HAB occurrence. In relation with salinity the
species O. scolopax, Gyrodinium sp and Gonyaulax polygramma
showed a negative association with this variable. Finally, the
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FIGURE 6 | Spatio-temporal variability of (A) Nitrate, (B) Phosphate, (C) Dissolved oxygen, and (D) Silicate.

group formed by the species Gonyaulax sp, Gymnodinium sp,
Tripos fusus and Tripos furca were negatively associated with
nitrite and phosphate, but showed an unimodal response with
the rest of the variables (a central position in the CCA-Triplot,
Figure 7A).

For year 2014 a lower than previous year, but still significant
proportion of TCI explained by the environmental variables
(TCI = 5.8%, p-value < 0.05) with the first two axis explaining
78.8% of this constrained inertia (Table 2). For this year
(same as 2013) salinity, temperature and phosphate significantly
affected the community structure (Table 3). Moreover, a clear
positive correlation between phosphate with nitrite and N/P
(both being non-significant) and those three variables showed
a negatively association with temperature (Figure 7B). The
association of species with environmental variables showed that
Dinophysis sp was positively associated with N/P and nitrite –
phosphate variables. With respect to salinity Oxytoxum turbo was
positively associated whereas T. fusus, O. scolopax and P. simulum
were negatively associated. T. furca and C. catenatum (in a
lesser extent) showed a positive association with temperature.
The rest of the species showed a central position in the CCA-
Triplot representing unimodal response to the environmental
variables (Figure 7B).

For year 2015 the proportion of TCI explained by the
environmental variables was also significant (TCI = 5.8%,
p-value < 0.05) with the first two axis explaining the highest
amount of this constrained inertia along the study period
(89.4%, Table 2). During 2015 the temperature, the N/P ratio
and salinity were those variables which significantly explained
the dinoflagellate’s community structure (Table 3). A positive
relationship was observed among salinity and nitrite and
phosphate and a negative association between temperature and
N/P (Figure 7C). From the species-specific relationship, the CCA
analysis revealed a positive association between Dinophysis sp and
P. simulum with N/P ratio and negatively with temperature. The
species Gymnodinium cf. catenatum was associated with positive
values of nitrite and phosphate and in a lesser extent, showing a
non-linear response, with salinity. Finally, the species P. micans,
P. compressum and T. furca were associated to low values
of salinity (negative relationship) (Figure 7C). Interestingly,
this year none species was associated with high, but low
temperature values.

For year 2016 and 2017 a decrease in the TCI from 7.8%
to 5.5 was evident. However, for both years the model was
able to significantly explain this constrained inertia with the
first two axes explaining 82.6% and 65.1% of this constrained
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TABLE 2 | Summary table of canonical correspondence analysis (CCA) statistics per year.

Year n TMI TCI (%) F-statistic (p-value) CI-1 (%) CI-2 (%) CI (%)

2013 223 4.9 8.0 3.82 (<0.05) 52.5 27.9 80.4

2014 274 4.1 5.8 3.32 (<0.01) 58.2 20.6 78.8

2015 271 4.2 6.9 3.96 (<0.01) 64.5 24.9 89.4

2016 179 1.95 7.8 2.93 (<0.01) 52.6 30.0 82.6

2017 309 1.82 5.5 3.55 (<0.01) 45.1 20.0 65.1

The total number of observations (n), the total model inertia (TMI), the proportion of total constrained inertia explained by the environmental variables [TCI (%)], the model
significance at α = 0.05 (p-value ), the proportion of constrained inertia explained by axis 1 [CI-1 (%)] and by axis 2 [CI-2 (%)], and the total proportion of constrained inertia
explained by the first two axis CI (%) is showed for each year.

inertia, respectively (Table 2). Particularly during 2016 the
environmental variables who were significantly associated with
the structure of the dinoflagellate community were temperature,
nitrite and phosphate (Table 3). Salinity and phosphate were
positively correlated and temperature and nitrite were negatively
correlated. The CCA analysis for this year showed that
Gymnodinium cf. catenatum was correlated positively with
salinity and negatively with nitrite. The species Gyrodinium
acutum was associated with high values of phosphate with a non-
lineal response (center position of the species related with the
environmental vector). The species C. catenatum, O. scolopax,
Scripsiella sp, G. polygramma, T. furca, Protoperidinium sp
and Gymnodinium sp. showed a negative association with
phosphate and Oxytoxum sp, Gyrodinium spirale, G. polygramma,
Scripsiella sp, O. scolopax, and Gymnodinium sp a negatively
association with nitrite (Figure 7D). During 2017 all the
environmental variables were significant when related to the
observed dinoflagellate community structure (Table 3). Among
the environmental variables, a negative association was evident
for salinity and phosphate (Figure 7E). From the community
composition perspective, the species P. simulum, T. fusus,
Gymnodinium cf. catenatum, and Prorocentrum dentatum
showed a clear positive relationship with nitrite and negatively
with salinity and with the N/P ratio. The species T. fusus,
P. compressum, O. scolopax, and Gyrodinium sp were positively
associated with phosphate and negatively with salinity. For
this year, non-species were related positively with temperature,
but some species showed a negative association with this
environmental variable (e.g., Oxytoxum turbo, Gyrodinium
spirale, Oxytoxum sp, and Gyrodinium sp).

Interestingly, the total model inertia (TMI), which represents
the total variability n-dimensional inside the model, remained
more or less constant for the first 3 years (2013–2015) ranging
from 4.1 to 4.9. However, during years 2016 and 2017 this TMI
was significant lower with values for 2016 of 1.95 and for 2017 a
TMI of 1.82 (Table 2).

DISCUSSION

Dinoflagellate Community
In this study, there were reported a total of 97 taxa,
corresponding to 8 orders, 22 families, and 31 genera during
the sampling period from 2013 to 2017 in 4 stations in the
coast of Ecuador at different depths. Phytoplankton dynamics

across the ETP coast is more characterized in other countries
and there is a lack of information in the central area
corresponding to the Ecuadorian coast. Interestingly, recent
studies regarding phytoplankton distribution in response to
ENSO events have been published (Conde and Prado, 2018;
Conde et al., 2018), but, unfortunately, species identification
is not indicated as a result. Another recent study explored
the oceanography of red tides using remote sensing data
from 1997 to 2017, confirmed that potential HABs have been
dominated by dinoflagellates during wet season mostly at the
Gulf of Guayaquil (Borbor-Cordova et al., 2019). Furthermore,
dinoflagellates abundance reported in the present study was
not high and the number of proliferations was low, only
Gymnodinium sp exceeded 106 cell. L−1 in April 2017. In
the coast of Ecuador, INOCAR and other researchers have
reported blooms of dinoflagellates, for example Gymnodinium sp
was reported in 2003, 2004, 2005 reaching high concentrations
(1 × 105 cell. L−1 – 1.1 × 107 cell. L−1) in the Gulf of
Guayaquil both in wet and dry season (Torres and Tapia, 2002;
Torres et al., 2017).

It is important to mention that species identification resulted
difficult to perform without specific equipment and adequate
formation. In that sense, some of the taxa found in the area
were not identified at species level. Dinoflagellates identification
under inverted microscope based on morphological features
constitutes a challenge since some species from several
genera share the same plate pattern and overlap in size
(e.g., the genus Ostreopsis – Carnicer et al., 2016). In the
last decades, molecular techniques have allowed to perform
accurate identifications in dinoflagellates using rDNA sequences
(Litaker et al., 2007). Unfortunately, there is no molecular
characterization of marine dinoflagellates in the Ecuadorian
coasts, with the exception of Ostreopsis cf. ovata (Carnicer
et al., 2016). It is important for Ecuadorian institutions
to invest in the implementation of molecular techniques
for future investigations, especially important to identify
potentially toxic species.

Higher species richness in the water column was observed
in surface layers, with a maximum of 21 taxa. These
results are in agreement with a study performed in 2015
at the southern coast of the country, in El Oro province,
where they reported species richness average between 28
and 23 dinoflagellates in surface samples (Prado et al.,
2015; Conde et al., 2018). The time series length of the
present study avoids us to conduct a formal time series
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TABLE 3 | Summary table of the permutation tests over the CCA results.

Variable 2013 2014 2015 2016 2017

F-statistic p-value F-statistic p-value F-statistic p-value F-statistic p-value F-statistic p-value

Temperature (Anomaly) 5.78 <0.01 4.22 <0.01 6.76 <0.01 2.00 <0.05 3.57 <0.01

Salinity (Anomaly) 3.80 <0.05 5.47 <0.01 5.66 <0.05 1.25 n.s. 4.19 <0.01

Phosphate 5.04 <0.01 3.78 <0.01 1.74 n.s. 5.13 <0.01 4.6 <0.01

Nitrite 0.91 n.s. 0.82 n.s. 0.31 n.s. 2.40 <0.05 4.61 <0.01

N/P 1.44 n.s. n.s. 3.60 <0.05 1.99 n.s. 3.67 <0.05

Significant environmental variables (terms) are showed in bold and the value of the F statistic (an p-value) are also given. n.s., means non-significant term.

analysis to statistically prove this increase pattern observed.
In addition, some oscillatory behavior is evident and
probably associated with the interannual variability pattern
(Conde et al., 2018).

In 2015, associated with El Niño ENSO event, higher
dinoflagellate species richness values were registered during the
wet season in La Libertad, Puerto Bolivar and Esmeraldas,
reaching a maximum of 28 species in dry season in Puerto
Bolivar, that could be linked with upwelling and higher nutrients
concentrations (Borbor-Cordova et al., 2019). In 2017, higher
values are also observed in each station with the highest found in
Puerto Bolivar in agreement with Prado et al. (2015), associating
the event with the presence of the Humboldt current. The higher
amount of species during El Niño ENSO events can be linked
with the transport of species from the advected waters due to the
current, as well as upwellings occurring in the equatorial region
(Pennington et al., 2006; Gierach et al., 2012).

Regarding potential harmful dinoflagellates, a total of 8 taxa
were observed, Alexandrium sp, Cochlodinium sp., D. acuminata,
D. ovum, Gymnodinium cf. catenatum, Karenia sp., P. lima
and P. mexicanum but not HABs were observed. In Torres
(2015), a total of 131 HABs were registered from 1968 to
2009 in the same sampling sites as the present study, where
toxic dinoflagellate community was similar to the species listed
above. Unfortunately, no statistics analysis was performed in
Torres (2015), however, they concluded that during wet-warm
season the highest number of HABs events occurred, being
more abundant in the Gulf of Guayaquil, southern station.
Due to the low abundances registered in the present study,
CCA analysis was not possible to perform with toxic species,
which do not allow to confirm this hypothesis. Furthermore,
an historical reconstruction of blooms from 1997 to 2017 in
the Ecuadorian coast, highlighted the presence of toxic species
such as Gymnodinium cf. catenatum, P. micans, C. catenatum
and Dinophysis caudata among others. As for the present study,
lower abundances were registered for toxic species, slightly
higher in the Gulf of Guayaquil than in La Libertad and
Manta (Borbor-Cordova et al., 2019). Unfortunately, Esmeraldas
was not considered in the study and data corresponded
only to wet season.

During these studies performed by the INOCAR, no toxic
analysis has been performed in water samples due to a lack
of specialized laboratory. This fact highlights the necessity of
specific equipment acquisition by the government in order to

control the presence of toxins in the productive areas, not only
limited to monitoring phytoplankton abundances.

Environmental Variables and Seasonality
Overall, in this study, SST and salinity anomalies, nutrients, as
well as the N/P ratio were strongly associated to the spatio-
temporal distribution of dinoflagellate community (Figure 7).
Studies elsewhere have found that HAB have been related
during positive anomalies of SST, stratification with a deeper
thermocline, pulses of upwelling during summer or dry season
and the biological interaction among phytoplankton community
(Hallegraeff, 2010; Díaz et al., 2016), some of these conditions
were found in this analysis.

The environmental variables presented in this study confirm
the main patterns of current systems on the ETP, which are driven
by cold Humboldt Current in the central and south coast of
Ecuador (La Libertad and Puerto Bolivar), associated with the
equatorial upwelling (EU) system and the warm Panama current
toward the north of Ecuador (Esmeraldas), these oceanographic
settings drives the biogeochemical conditions that may promote
extensive phytoplankton growth and potential HABs (Cucalon,
1989; Pennington et al., 2006). The north of the Ecuadorian
coast is under the influence of the inter-tropical convergence
zone (ITCZ), receiving higher levels of precipitation as well
as runoff from Panama Gulf generating a low salinity and
warmer temperatures which lead to stratified conditions, shallow
halocline-nutricline (30–40 m), and low nutrients concentration
(Pennington et al., 2006). Those conditions are reflected in the
northern station of Esmeraldas, where minimum dinoflagellate
abundances were reported (Figure 2 and Supplementary Figure
S2) compared to other stations, highlighting the influence of the
oceanographic characteristics and strong seasonality of the ETP
(Chavez et al., 2002).

Oceanographic studies have established the seasonal pattern
of the coastal EU at the center of Ecuador, and the upwelling
from the Humboldt Current on the south of the Ecuadorian
Coast (Pennington et al., 2006). Seasonality of those upwelling
system are reflected in all stations (based on higher nutrient
concentrations and lower temperatures) except at Esmeraldas,
being deeper and high nutrient concentration during wet season
(December to May) but also between August to September.
It is expected that Manta is mostly influenced by the EU
while at La Libertad and Puerto Bolivar it is the upwelling of
Humboldt Current, considered one of the most productive of
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FIGURE 7 | Canonical correspondence analysis triplot for (A) 2013, (B) 2014, (C) 2015, (D) 2016, and (E) 2017. Sampling stations are shown as triangles with
color-code according to the sampling area (figure legend). The species (with occurrence >2%) present in the community CCA analysis follows: Otu,

(Continued)
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FIGURE 7 | Continued
Oxytoxum turbo; Pco, Prorocentrum compressum; Gpo, Gonyaulax polygramma; Gca, Gymnodinium cf. catenatum; Gspi, Gyrodinium spirale; Pde, Prorocentrum
dentatum; Cfus, Tripos fusus; Cfur, Tripos furca; Psi, Protoperidinium simulum; Cca, Cochlodinium catenatum; Osc, Oxytoxum scolopax; Gosp, Gonyaulax sp;
Ssp, Scripsiella sp; Pmi, Prorocentrum micans; Osp, Oxytoxum sp; Psp, Protoperidinium sp; Gac, Gyrodinium acutum; Gysp, Gyrodinium sp; Gymsp,
Gymnodinium sp. Environmental (explanatory) variables are indicated in blue [“Temperature anomaly” (abbreviated in the figure as “Temperature,” ◦C), “Absolute
salinity anomaly” (abbreviated in the figure as “Salinity,” “Nitrite,” “Phosphate,” and the ratio nitrate – phosphate (abbreviated in the figure as “N/P”); bold underline
correspond to significant explanatory variables according to permutation test (see methods)]. The percentage of variability (inertia) explained is indicated on each axis.

the world (Chavez et al., 2002; Pennington et al., 2006; Oyarzún
and Brierley, 2018). In this study, highest concentrations of
dinoflagellates were found in Manta (April 2017), La Libertad
(March 2015), and Puerto Bolivar (May 2014 and May 2017),
during wet season. During this period, there is a large amount
of nutrients coming with the intense runoff from the agricultural
Guayas Basin (Borbor-Cordova et al., 2006) and interestingly,
in the present study it is reported higher levels of nutrients,
mainly nitrate and phosphate (Supplementary Figures S5, S6),
coming from deeper water, suggesting advection from the coastal
Humboldt Upwelling in dry season with peaks on August. Thus,
data on this study suggests that a combination of extreme
hydrodynamic conditions, climate variability associated to the
warm phase of the Pacific Decadal Oscillation (PDO) and ENSO
in the coast of Ecuador (2015–2016), influencing salinity and SST
anomalies and nutrient limitation conditions, led to shifts in the
phytoplankton community and maybe to HABs.

In this region phytoplankton productivity and growth are
influenced by the upwelling dynamics which can be associated
to the pycnoline-nutricline-oxycline depth, and their variability
along the coast is driven by local specific conditions of coastal
waves, seasonality and inter-annual variability of ENSO cycle
(Montecino and Lange, 2009). The thermo-nutricline determines
the supply of limiting nutrients (related to N/P ratio) to the
euphotic zone and influencing the phytoplankton community
assemblage during each ENSO event. This is evidenced in the
present study with the inter-annual variability of dinoflagellates
associated to ENSO events which is characterized by high
positive anomaly of SST, changes on the timing of seasonality
and strengthening (cold phase) or weakening (warm phase) the
coastal upwelling (Pizarro and Montecinos, 2004; Pennington
et al., 2006; Montecino and Lange, 2009). Similar dynamics have
been reported in North and ETP during ENSO events (Chavez
et al., 2002; Jacox et al., 2016). Previous ENSO studies pointed out
that southwest winds weakness lead to a coastal upwelling decline
which diminish phytoplankton blooms occurrence (Tam et al.,
2008; Wang et al., 2008; Montecino and Lange, 2009). However,
during warm phase ENSO event in 2015 occurred anomalous
conditions related with sustained wind stress, intermittent coastal
upwelling, that could be the reason why dinoflagellates were
able to persist even in a nutrient limited environment, and
warm stratified conditions (Smayda and Reynolds, 2001; Du
et al., 2015; McCabe et al., 2016; McKibben et al., 2017;
Conde and Prado, 2018).

During the period of this study (2013–2017), 2013 is
considered a normal year with the lower abundances of
dinoflagellates of the study, a weak ENSO warm phase in
2014, followed by a strong warm phase ENSO in 2015–2016

(with a different seasonality of the one in 1997–1998) beginning
a transition to cold phase ENSO during the dry season 2016 is
extended to 2017 characterized by abundance of dinoflagellates
(see Figure 3). Each year of the study develop specific
environmental conditions; however, SST anomalies, salinity and
nutrients persistently drove the dinoflagellates community for all
the study period (see Figure7).

In 2013 a normal year with a slightly cold SST anomaly (see
Supplementary Figure S9), lower salinities, and nutrients were
the drivers for the dinoflagellates. Gymnodinium cf catenatum,
Oxytoxum turbo and P. micans were associated to less saline,
low nutrients and warm waters typical conditions during wet
season in Esmeraldas influenced by the Panama Current. While
P. simulum, P. compressum, Oxytoxum sp, and Protoperidinium
sp are positively related to nutrient and salinity which are
characteristics of upwelled waters, suggesting a preference of
nutrient-rich water along the coast of Ecuador (Figure 7A).

In 2014, considered a weak ENSO year with ONI strong
anomalies (>1.5) during wet season decreasing rapidly toward
December 2014 (see Supplementary Figure S9). T. fusus,
O. scolopax and P. simulum were associated to low salinity
conditions mostly on Esmeraldas, Manta and La Libertad
suggesting iN/Put of freshwater runoff and precipitation. While
Dinophysis sp was associated to nutrients from upwelled waters
from EU system at the Esmeraldas station, the upwelling
process is related with the nitrate distribution at 30–50 m
(Supplementary Figure S5). T. furca and C. catenatum were
associated to positive anomalies of temperature, suggesting that
have adapted to the warm conditions on the Esmeraldas site.

Although the SST anomalies of ENSO events in 2015 were
of similar magnitude to those in 1997–1998, the responses
were diverse in relation to the oceanographic characteristic
of the equatorial front (Conde et al., 2018). By April 2015,
the thermocline deepened to 40–75 m until December 2015
generating stable thermal stratification, but nutrients were
sustained by a weak upwelling and a pycnocline-nutricline
between 30–50 m. Even though the nutrients were reduced at
the surface layer (see Figures 6, 7), surprisingly the abundance
levels of dinoflagellates in La Libertad and Puerto Bolivar where
high between 10–30 m (see Figure 3). By August 2015, nutrients
(nitrate, and phosphate) were upwelled between 30 and 50 m
at La Libertad, and Puerto Bolivar. These conditions of thermal
stratification, deepened thermocline, slightly upwelling, light for
growth and ciliate prey (Mesodinium rubrum) appear to establish
the optimal combination for the development of potential HABs
such as Dinophysis sp and P. simulum (Reguera et al., 2012;
Díaz et al., 2013). G. catenatum have affinity for the nitrate and
phosphate and less with salinity, bloom of this specie has been
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related to advected vegetative populations to the coasts during
the relaxation of coastal upwelling (Bravo and Figueroa, 2014).
P. micans, P. compressum, and T. furca were associated to less
saline water characteristic of the Panama current or influenced by
precipitation at the northern stations of Esmeraldas and Manta.
Considered an extreme ENSO year and warm PDO, expecting
a limited algal growth, surprisingly there was a relative high
abundance of dinoflagellate and higher richness reflexed in the
diversity of species (21). If this increase in richness is a pattern of
the ENSO need to be verified in other years.

Year 2016 shows the transition between a warm ENSO to cold
and normal conditions, with ONI decreasing from 2.5 in January
to – 0.7 in September in the dry season (see Supplementary
Figure S9). In this year, Gymnodinium cf. catenatum appeared
during dry season associated with salinity and inversely with
nitrite at the Manta and La Libertad, unfortunately no data
in Esmeraldas and Puerto Bolivar are available. Gymnodinium
cf. catenatum has been recognized to cause paralytic shellfish
poisoning across regions and as a survivor by using strategies
based on its motile forms and cysts in plankton assemblages and
in surface sediments (Yamamoto et al., 2004; Bravo and Figueroa,
2014). Gymnodinium cf. catenatum is also identified as one of
ten most damaging potential domestic target species, considering
the environmental and economic impact in aquaculture and also
in human health (Hallegraeff, 2003). C. catenatum is another
specie that seems to be associated to the upwelling at La
Libertad in dry season.

During 2017, persistent negative SST anomalies associated to
upwelling and water nutrients richness lead to an increase in the
productivity of the region in all the ETP (Brown et al., 2015).
Concentrations of dinoflagellates increased and reached their
maximum in all the stations due to conditions of a persistent
upwelling specially in Puerto Bolivar station. Some of the species
that were associated with upwelled nutrients were P. simulum, T.
furca, Gymnodinium cf. catenatum and P. dentatum.

In the present study, the most abundant species were
Gymnodinium sp and Gyrodinium sp which were present every
year in both seasons of the studied period and registered up
to 40 m depth. Those species correspond to free living large
cell dinoflagellates, ubiquitous in the Pacific Ocean, previously
registered in México, California and Ecuador (Gomez, 2005;
Meave-del Castillo et al., 2012; Torres, 2015). Both species
appeared in all coastal stations during the seasonal transition in
the weak ENSO in 2014 and strong ENSO in 2015 (Figure 2 and
Table 1) indicating their capacity to adjust to warm and deeper
thermo-nutricline.

Even though some microalgae exhibit a rapid adaptability to
high temperatures in short-term experiments, the physiological
plasticity and genetic response of many microalgae under
future environmental conditions is unknown (Hallegraeff, 2010).
Organism size and elemental composition of the phytoplankton
community will influence processes at the level of individuals,
populations, communities and ecosystems (Finkel et al., 2010).
Some researchers have found that dinoflagellates are species with
a smaller surface and have the ability to grow and sustain during
ENSO, ocean heatwaves, stratified conditions, and nutrient
poorer waters (Smayda and Reynolds, 2003; Glibert et al., 2005).

However, there is also evidence that nutrient enriched waters can
stimulate dinoflagellates blooms (Glibert et al., 2005), therefore,
dinoflagellates are considered strategist and survivors either in
extreme conditions.

The contrasting behavior of Tripos species in divergent
lake types (with different climatic, morphometric, geological,
hydrological, and trophic features) explains the existence of
ecotypes of these species adapted to diverse environmental
conditions and exhibiting high intra- and inter-population and
morphological variability (Cavalcante et al., 2016). T. furca is
also known to perform active vertical migration, depending
on nutrients and water temperature in both natural and
laboratory conditions, which means that different species
of dinoflagellates have different ecological abilities. These
abilities are possibly linked with their ecological responses for
surviving under local environmental conditions. T. furca has a
competitive advantage because of physiological adaptations to
low nutrient concentration waters (Baek et al., 2011). Therefore,
dinoflagellates can alter their vertical position in the water
column by swimming, which allows them to maintain an optimal
depth in terms of light or nutrients. Consequently, the actual
duration of high irradiance in the coastal bays is considered to
regulate the maintenance of the bloom (Baek et al., 2011).

In general, under N or P limitation or some specific N/P
ratio, some toxic dinoflagellates are probably outcompeted, and
toxin production may be an adaption strategy to offset the
ecological disadvantages of dinoflagellates with low nutrient
affinity (Smayda, 1997). How these biochemical shifts shape
phytoplankton community structure and the presence of
potentially toxic species need to be explored in Ecuador.

Montecino and Lange (2009) proposed that during warm
ENSO as 2015, there is microbial trophic web path mostly
dominated by small-sized phytoplankton, in this study taxa such
as Gonyaulax polygrama, P. dentatum and Gynmodinum spp.
were characterized to be trophic web dominated. Still it is not very
clear which are the main ecological drivers to explain interannual
variability of phytoplankton community structure, including
toxin producer species. In addition, mixotrophy relationships
need to be explored because many of the motile bloom formers
are mixotrophic protists (Stoecker et al., 2017). Some argued that
PDO is a good indicator to explain those shifts on the community
structure and potential toxins generation (Du et al., 2015).
Unfortunately, in this study only dinoflagellates community was
considered, so it is not possible to confirm this ascertain. An effort
in future works need to be done in order to encompass more taxa
to better understand phytoplankton distribution in the area.

CONCLUSION

Dinoflagellates abundances reported in the present study were
not elevated, and no HABs were observed in the studied
period. The taxa presented in this study represents a base-
line in which future work may referred in order to understand
certain dinoflagellate dynamics. In synthesis, the environmental
variables and the oceanographic ENSO index served to
understand how the current system of the ETP, their thermocline
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dynamics, and the coastal upwelling affect euphotic zone nutrient
supply and hence, dinoflagellates abundance and richness along
the coast of Ecuador.

Moreover, toxic species were detected and, considering that in
future decades it is predicted an increase in seawater temperature
and extreme events frequency (IPCC, 2014), phytoplankton
dynamics may be influenced. In order to be able to predict future
scenarios of HABs, it is important to study their distribution in
relation to environmental variables in areas where extreme events
may affect their proliferations. Thus, it is crucial to involve policy-
makers and stakeholders in the implementation of environmental
policies and climate change adaptation strategies involving long-
term monitoring and sanitary programs, not covered at present.
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FIGURE S1 | Collinearity analysis of the environmental variables measured in the
study. The Pearson’s correlation coefficients for each pair of variables are shown in
the upper-right panel with the size of the text proportional to its value. Significance
code represents: ∗∗∗p-value < 0.001. Additionally, the density histogram of each
variable is represented in the diagonal and a scatter plot with a smoothing spline
(in red) is shown in the left-lower panel.

FIGURE S2 | Spatio-temporal variability of dinoflagellates community
Shannon-Wiener (H) index. Color gradient scale represents the sampling depth.
Horizontal (blue) line represents the average value for the whole study coverage.

FIGURE S3 | Annual vertical profiles of monthly mean temperature (◦C) for (A)
Esmeraldas, (B) Manta, (C) Libertad, and (D) Puerto Bolívar.

FIGURE S4 | Annual vertical profiles of monthly mean salinity for (A) Esmeraldas,
(B) Manta, (C) Libertad, and (D) Puerto Bolívar.

FIGURE S5 | Annual vertical profiles of monthly mean nitrate for (A) Esmeraldas,
(B) Manta, (C) Libertad, and (D) Puerto Bolívar.

FIGURE S6 | Annual vertical profiles of monthly mean phosphate for (A)
Esmeraldas, (B) Manta, (C) Libertad, and (D) Puerto Bolívar.

FIGURE S7 | Annual vertical profiles of monthly mean silicate for (A) Esmeraldas,
(B) Manta, (C) Libertad, and (D) Puerto Bolívar.

FIGURE S8 | Annual vertical profiles of monthly mean dissolved oxygen for (A)
Esmeraldas, (B) Manta, (C) Libertad, and (D) Puerto Bolívar.

FIGURE S9 | Temporal series of ENSO index (A) ONI (1+2), (B) ONI 3.4, and
(C) MEI index.
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Many benthic dinoflagellates are known or suspected producers of lipophilic polyether
phycotoxins, particularly in tropical and subtropical coastal zones. These toxins are
responsible for diverse intoxication events of marine fauna and human consumers
of seafood, but most notably in humans, they cause toxin syndromes known as
diarrhetic shellfish poisoning (DSP) and ciguatera fish poisoning (CFP). This has led
to enhanced, but still insufficient, efforts to describe benthic dinoflagellate taxa using
morphological and molecular approaches. For example, recently published information
on epibenthic dinoflagellates from Mexican coastal waters includes about 45 species
from 15 genera, but many have only been tentatively identified to the species level,
with fewer still confirmed by molecular criteria. This review on the biodiversity and
biogeography of known or putatively toxigenic benthic species in Latin America, restricts
the geographical scope to the neritic zones of the North and South American continents,
including adjacent islands and coral reefs. The focus is on species from subtropical
and tropical waters, primarily within the genera Prorocentrum, Gambierdiscus/Fukuyoa,
Coolia, Ostreopsis and Amphidinium. The state of knowledge on reported taxa in these
waters is inadequate and time-series data are generally lacking for the prediction of
regime shift and global change effects. Details of their respective toxigenicity and toxin
composition have only recently been explored in a few locations. Nevertheless, by
describing the specific ecosystem habitats for toxigenic benthic dinoflagellates, and by
comparing those among the three key regions - the Gulf of Mexico, Caribbean Sea
and the subtropical and tropical Pacific coast, insights for further risk assessment of
the global spreading of toxic benthic species is generated for the management of their
effects in Latin America.

Keywords: benthic dinoflagellates, polyether toxins, dinoflagellate biodiversity, phycotoxins, chemical ecology

INTRODUCTION TO BENTHIC DINOFLAGELLATES

Benthic dinoflagellates are important components of marine ecosystems, implicated in benthic
food webs and species interactions, including bacterial associations, and also contribute to
community diversity. Such species are common in shallow waters, and are frequently found
attached to diverse substrates through the production of polysaccharide filaments and mucous
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layers (Honsell et al., 2013). In natural habitats, they tend to
thrive in undisturbed locations and accumulate under calm water
conditions. Benthic dinoflagellates do not create “blooms” in the
conventional sense, as planktonic species do in the water column,
but often yield dense aggregations or colonies of attached cells. In
cases where dense cell aggregations are associated with harmful
events, they are frequently referred to as “benthic harmful
algal blooms” (or bHABs) but this terminology is not precisely
defined. Whereas benthic dinoflagellates are better known and
more completely described from tropical and subtropical waters,
species are found globally even from temperate, sub-arctic and
polar environments. Although optimal growth conditions are
still unknown for many benthic species, their high relative cell
abundance and diversity in shallow subtropical and tropical
waters indicates that higher cell growth is favored at elevated
water temperatures. In the Caribbean, there is an apparent
correlation between high water temperature and Gambierdiscus
Adachi & Fukuyo cell abundance (Tester et al., 2010), but this
relationship is not clear for other benthic dinoflagellates.

Many benthic species are considered to be low-light (“shade”)
adapted, and can therefore flourish in deeper waters within
tropical environments with higher water transparency, while
some species can even tolerate high irradiance (Richlen
and Lobel, 2011). Tropical waters with abundant benthic
dinoflagellate communities are usually characterized by high
salinity, but there is little direct evidence from culture
experiments or observations of natural populations that such
high salinities are necessary for growth.

Benthic dinoflagellates comprise both phototrophic and
heterotrophic species, and mixotrophic capacity is also common.
In fact, it is likely that all benthic species are capable of facultative
heterotrophy and may be less dependent on inorganic nutrient
concentration than phototrophic pelagic species, since they can
acquire organic nutrients not only from the surrounding waters
but also from the sediments or other surfaces upon which they
live (Litaker et al., 2010).

Although benthic and, in particular, epiphytic dinoflagellates
are designated as such because of their typical preference
for substrate attachment, the vegetative cells of free-living
species are flagellated and are fully capable of detachment
and motility. They can occupy a wide variety of micro-niches
provided by these alternative substrate habitats, compared to
plankton species in the water column. For example, the genus
Ostreopsis Schmidt is widely distributed in both tropical and
temperate waters, often in shallow sheltered embayments or reefs,
adhering to different substrates such as macroalgae, seagrasses,
pebbles, rocks, coral rubble, mussel shells, soft sediments and
invertebrates, but can also be found in the water column (Tindall
and Morton, 1998; Totti et al., 2010; Accoroni et al., 2015).
Many benthic dinoflagellates are photosynthetic endosymbionts
(“zooxanthellae”), e.g., Symbiodinium spp. or the species from
other recently described closely related genera (LeJeunesse et al.,
2018), among corals, sea anemones, nudibranchs and other
sessile and vagile macrobenthic invertebrates, but none of those
endosymbionts are known to be toxigenic.

A comprehensive understanding of the diverse life history
strategies of benthic dinoflagellates is still lacking and is even

more limited than that available for free-living planktonic
species. A few life history studies have been performed on
Gambierdiscus and Ostreopsis (Bravo et al., 2014), for which
both meiosis and gametogenesis have been described, but much
remains unresolved with reference to sexual and asexual cycles.
High apparent morphological variability, e.g., within Ostreopsis,
could correspond to alternative life history stages, but this has
not been confirmed.

OCEAN ENVIRONMENT, HUMAN
HEALTH AND SOCIO-ECONOMIC
CONSEQUENCES

Among the plethora of benthic dinoflagellates, several species
collected primarily from seagrasses and macroalgal substrates
are known to produce potent biotoxins (Boisnoir et al., 2018).
In fact, as a proportion of the described taxa of free-living
marine dinoflagellates, epiphytic and sand-dwelling species are
heavily represented among known toxigenic genotypes. Such
toxins from benthic dinoflagellates are often found within
complex toxic species assemblages and are therefore of great
concern worldwide (Ben-Gharbia et al., 2016), but associations of
individual dinoflagellate species with particular toxin chemotypes
is often unclear. There is a critical lack of research on bHABs,
based on the objective knowledge of the real threat that these
organisms represent. This is particularly true in Latin America,
although there have been significant improvements in addressing
these phenomena by regional research institutions (Barón-
Campis et al., 2014) and the associated toxin syndromes by
health authorities. Major global efforts have now been initiated
to describe and understand the dynamics and biodiversity of
bHAB populations (Berdalet et al., 2016) and to develop effective
strategies to monitor and mitigate the consequences.

Benthic HABs are of particular significance in tropical and
subtropical regions, for coastal and island communities where
the ocean is crucial for seafood production for local inhabitants,
and also for global trade. These regions are frequently threatened
by human illnesses and marine faunal toxicity associated with
toxic benthic and epiphytic dinoflagellates (Berdalet et al., 2017).
The toxic effects on humans and other organisms often occurs
when bHABs are present in persistently high cell abundances,
but with certain species, these effects can be expressed via
biomagnification even when highly toxigenic populations are
present at low cell densities (Berdalet et al., 2016).

In Latin America, several human intoxication syndromes are
caused by benthic dinoflagellates due to the bioaccumulation
of their toxins within the food web and transfer into seafood
species. For example, on the northwestern Pacific coast of
Mexico, several cases of human poisoning were a direct result
of the consumption of fish species of the families Serranidae
and Lutjanidae (Sierra-Beltrán et al., 1998). In general, in
Latin America there is a high local consumption of fish and
shellfish from commercial and artisanal fisheries, including
non-common species such as octopus and sea cucumber with
poorly described accumulation kinetics, and from emerging
aquaculture activities (Barón-Campis et al., 2014). The economic
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consequences of bHABs on human health and losses to the
fishing, aquaculture and tourism industries in Latin America have
not been comprehensively investigated, but informal estimates
suggest that these are substantial (Cuellar-Martinez et al., 2018).

Monitoring programs for bHAB species and their toxins
in seafood are sporadic on a global scale. In Latin America
only a few countries have implemented routine monitoring
programs and these focus exclusively on commercial species
(Cuellar-Martinez et al., 2018). With such inadequate monitoring
protocols to protect human health, some fish species have been
banned for human consumption, e.g., in Australia and French
Polynesia, because of the risk of CFP (Lehane, 2000). This is also
the case in Quintana Roo on the Caribbean coast of Mexico,
where fishing, selling and consumption of the great barracuda
(Sphyraena barracuda Walbaum), a known ciguateric fish, is
forbidden (García-Mendoza et al., 2016; López, 2018). In spite
of the health risks posed by bHAB toxins, many toxins are
still not well characterized structurally or toxicologically, and
reliable quantitative analysis and assay methods for such toxins
are still emerging.

BIOGEOGRAPHY OF TOXIGENIC
BENTHIC DINOFLAGELLATES

The distribution of benthic dinoflagellates within Latin America
is expected to reflect adaptive capacity, tolerance and resilience
of species within ecological niches defined by the ambient
environmental conditions. For these reasons, the distribution
patterns are considered herein from the perspective of linked
or contiguous functional ecosystems, which can only be roughly
defined, rather than by geographical or geopolitical boundaries
(Table 1 and Figure 1). The temperate and Arctic eastern
coasts of North America (north of Mexico) are therefore not
considered within the purview of this review on toxigenic benthic
dinoflagellates. On a cautionary note, it should be recognized
that reported species distribution may more accurately reflect the
intensity of regional surveys rather than a true biogeographical
pattern. Taxonomic revisions can also bias interpretation of
biogeographical species patterns. For example, Prorocentrum
rhathymum is considered here as distinct from P. mexicanum
because these taxa are morphologically and ecologically separable
(Cortés-Altamirano and Sierra-Beltrán, 2003; An et al., 2010),
although it has been claimed that they are synonymous
(Steidinger and Tangen, 1997; Faust and Gulledge, 2002; Lim
et al., 2013; Gómez et al., 2017a; Steidinger, 2018). A final caveat
regarding biogeographical description of benthic dinoflagellate
species distribution is due to incomplete knowledge of the linkage
between species descriptors, either morphological or molecular,
and actual or potential toxigenicity at the local population level.

Eastern Pacific Coast of Latin America
With respect to biogeographical distribution of potentially
toxigenic species of the eastern Pacific of Latin America, the
region is defined to include the coast of Mexico, Guatemala, El
Salvador, Honduras, Nicaragua, Costa Rica, Panama, Colombia,
Ecuador, Peru and Chile.

TABLE 1 | Potentially toxic benthic dinoflagellate species reported in Latin
America and adjacent subtropical waters.

Geographical
Location

Species Reference

Eastern Pacific coast of Latin America

Mexico Amphidinium
A. cf. carterae
A. operculatum
A. carterae
Gambierdiscus
G. cf. carolinianus
G. cf. carpenteri
G. toxicus (?)
Fukuyoa
F. yasumotoi
Ostreopsis
O. lenticularis
O. ovata
O. siamensis
Prorocentrum
P. concavum
P. lima
P. maculosum
P. mexicanum

Sierra-Beltrán et al., 1998;
Núñez-Vázquez et al., 2000;
Cortés-Lara et al., 2005;
Núñez-Vázquez, 2005; Okolodkov and
Gárate-Lizárraga, 2006;
Gárate-Lizárraga et al., 2007;
Gárate-Lizárraga, 2012;
Morquecho-Escamilla et al., 2016,
2017; Gallegos-Mendiola et al., 2017;
Sepúlveda-Villarraga et al., 2017;
Gárate-Lizárraga et al., 2018

El Salvador Gambierdiscus
spp.
Ostreopsis spp.
Prorocentrum
P. lima

Quintanilla and Amaya, 2016

Costa Rica Amphidinium
A. carterae
Coolia
C. tropicalis
Gambierdiscus
spp.
Ostreopsis
O. siamensis
Prorocentrum
P. concavum

Vargas-Montero et al., 2012

Ecuador Ostreopsis
O. cf. ovata

Carnicer et al., 2016

Subtropical and tropical Atlantic Ocean and the Caribbean Sea

Cuba Gambierdiscus
G. caribaeus
G. toxicus (?)
Ostreopsis
O. lenticularis
Prorocentrum
P. concavum
P. mexicanum
P. hoffmannianum
P. lima

Delgado et al., 2002; Delgado-Miranda,
2005; Moreira-González et al., 2016

Puerto Rico Gambierdiscus
G. toxicus (?)
Ostreopsis
O. lenticularis

Tosteson et al., 1986

Bahamas Coolia
C. santacroce

Karafas and Tomas, 2015

Dominican
Republic

Coolia
C. palmyrensis
C. malayensis

Karafas et al., 2015; Karafas and
Tomas, 2015

British and
United States
Virgin Islands

Coolia
C. santacroce
C. malayensis

Carlson and Tindall, 1985; Litaker et al.,
2009; Karafas et al., 2015; Karafas and
Tomas, 2015; Rains and Parsons, 2015

(Continued)
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TABLE 1 | Continued

Geographical
Location

Species Reference

Gambierdiscus
G. toxicus (?)
G. caribaeus
G. belizeanus
Ostreopsis
O. lenticularis
Prorocentrum
P. mexicanum
P. concavum
P. lima

Venezuela Amphidinium
A. carterae
Ostreopsis
O. siamensis
O. ovata
O. lenticularis
Prorocentrum
P. lima
P. mexicanum
P. concavum
P. emarginatum

Valerio-González and Díaz-Ramos,
2008; Navarro-Vargas et al., 2014;
Marchan-Álvarez et al., 2017

Colombia Gambierdiscus
G. toxicus
(G. belizeanum?)
Ostreopsis
O. cf. ovata
O. lenticularis
Prorocentrum
P. hoffmannianum
P. lima
P. mexicanum
P. emarginatum

Mancera-Pineda et al., 2014; Arbelaez
et al., 2017; Quintana-M and
Mercado-Gómez, 2017

Belize Coolia
C. tropicalis
Gambierdiscus
G. belizeanus
G. caribaeus
G. carptenteri
Fukuyoa
F. ruetzleri
Prorocentrum
P. hoffmannianum
P. maculosum

Faust, 1990a,b, 1993c,d, 1994, 1995,
1996, 1997, 1999, 2000, 2004; Faust
and Gulledge, 1996; Morton and Faust,
1997; Faust and Steidinger, 1998;
Faust et al., 2008; Litaker et al., 2009

Mexico Amphidinium
A. carterae
Coolia
C. cf. tropicalis
Gambierdiscus
G. belizeanus
G. toxicus (?)
Fukuyoa
F. yasumotoi
Ostreopsis
O. heptagona
O. siamensis
Prorocentrum
P. arenarium
P. belizeanum
P. concavum
P. emarginatum
P. hoffmannianum
P. lima

Almazán-Becerril, 2000;
Hernández-Becerril and Almazán
Becerril, 2004; Almazán-Becerril et al.,
2015

(Continued)

TABLE 1 | Continued

Geographical
Location

Species Reference

P. maculosum
P. rhathymum

Gulf of Mexico

Mexico Amphidinium
A. cf. carterae
A. cf. operculatum
Gambierdiscus
G. toxicus
(G. caribaeus?)
G. caribaeus
Gambierdiscus sp.
Ostreopsis
Ostreopsis sp.
Prorocentrum
P. cf. lima
P. lima
P. rhathymum
Prorocentrum sp.

Okolodkov et al., 2007, 2009;
Barón-Campis et al., 2014; Okolodkov
et al., 2014; Martínez-Cruz et al., 2016;
Estrada-Vargas et al., 2017

Florida Straits, Keys and southeastern U.S. Atlantic coasts

Florida Keys Amphidinium
A. klebsii
Coolia
Coolia santacroce
Gambierdiscus
G. toxicus (?)
G. belizeanus
G. carolineanus
Fukuyoa
F. ruetzleri
Ostreopsis
O. heptagona
O. siamensis
Prorocentrum
P. lima
P. rhathymum
P. emarginatum
P. concavum

Mitchell, 1985; Bomber et al., 1988,
1989; Litaker et al., 2010

Southwestern Atlantic

Brazil Ostreopsis
O. cf. ovata
Prorocentrum
P. caipirignum

Gómez et al., 2017b; Nascimento
et al., 2017

Species recognized as toxigenic were compiled from the IOC-Harmful Microalgal
Species list (Moestrup et al., 2009) plus new valid toxigenic taxa not yet
included on this list.

The Pacific coastal waters of Baja California Sur, Mexico,
have been relatively well explored for the distribution of benthic
dinoflagellates. Four putatively toxic Ostreopsis species have been
found: O. lenticularis, O. marina, O. ovata and O. siamensis
(Sierra-Beltrán et al., 1998; Núñez-Vázquez et al., 2000; Cortés-
Lara et al., 2005; Gárate-Lizárraga, 2005; Núñez-Vázquez, 2005;
Okolodkov and Gárate-Lizárraga, 2006). The latter species was
also reported from Isabel Island, Nayarit, 70 km from the
mainland (Cortés-Lara et al., 2005; Cortés-Altamirano et al.,
2011). Gambierdiscus toxicus has been found in several studies
in the adjacent waters of Baja California Sur [see references
in Okolodkov and Gárate-Lizárraga (2006)]. Some benthic
dinoflagellate species isolated from Bahía de La Paz and Bahía
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FIGURE 1 | Known biogeographical distribution of dinoflagellate genera with toxigenic benthic members from tropical and subtropical waters of Latin America, as
well as the Caribbean Sea and adjacent coasts of the Americas. Genera including toxigenic benthic species were obtained from the IOC-Harmful Microalgal Species
list (Moestrup et al., 2009), but the map may include taxa not yet confirmed as toxigenic at the specified locations.

Concepción in the southern Gulf of California are maintained
in culture: Prorocentrum belizeanum, P. cf. concavum, P. lima,
P. maculosum, O. cf. ovata and P. rhathymum, (Morquecho-
Escamilla et al., 2016), and confirmation of toxin production is
currently underway. Further macroalgal samples collected at Isla
San José and Bahía de La Paz in 2011, 2014, and 2016, yielded
cultures of Amphidinium operculatum, Bysmatrum gregarium,
Coolia canariensis, Fukuyoa yasumotoi, G. cf. carolinianus, G. cf.
carpenteri, O. marina, O. ovata, P. concavum, P. fukuyoi, P. lima
and P. rhathymum (Morquecho-Escamilla et al., 2017). Ostreopsis
ovata has also been observed along the Pacific coastal state of

Guerrero (Gallegos-Mendiola et al., 2017). At San Juan de la
Costa and Isla Gaviota in Bahía de La Paz, A. cf. carterae, C.
malayensis, O. cf. lenticularis and Prorocentrum sp. were found
associated with brown algae (Sepúlveda-Villarraga et al., 2017).
In the waters of the Archipielago de Revillagigedo (Isla San
Benedicto, Isla Socorro and Isla Roca Partida), state of Colima,
about 720–970 km west of the continent, O. lenticularis was also
reported in 2001–2017 (Gárate-Lizárraga et al., 2018).

The Pacific coast of Central America has only been
sporadically explored for benthic dinoflagellates. Nevertheless,
both toxigenic genera Gambierdiscus and Ostreopsis
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(not identified to species) were found among macroalgal
samples from the Los Cóbanos reef zone along the west coast
of El Salvador, whereas P. lima was the most abundant species
(Quintanilla and Amaya, 2016). Analysis of samples taken in
Costa Rica (2006–2011) at Cocos Island, 532 km southwest of
the continental mainland, revealed A. carterae, C. tropicalis, C.
cf. areolata, unidentified benthic Gambierdiscus (presumably
two species), P. concavum and O. siamensis (Vargas-Montero
et al., 2012). The first evidence of O. cf. ovata in the eastern
tropical Pacific Ocean was provided from the Ecuadorian coast
at Estero del Plátano (Esmeraldas Province) and Playa Mateo
(Manabí Province) and multiple isolates have been successfully
cultured from the region (Carnicer et al., 2016). Recently, a study
from the Galapagos Marine Reserve and the Marine Reserve
of Galera de San Francisco, in Ecuador, reported the genus
Ostreopsis as a common inhabitant in both places, showing
a great abundance and diversity of species in the Galapagos.
They also reported members of the genera Gambierdiscus,
Prorocentrum Ehrenb., Amphidinium Clap. & J. Lachm., and
Coolia Meunier (Yépez-Rendón et al., 2018).

The paucity of information on toxigenic benthic
dinoflagellates from the Chilean coast and the absence from the
distributional map (Figure 1) may be derived from multiple
but not mutually exclusive factors. First, the cold-water regime
defined by the Humboldt Current influence may be less favorable
to the development of bHABs. In consequence, the lack of
bHAB events has reduced the relative urgency for research
and monitoring of these species and their toxins in fisheries
and aquaculture operations. This should not be interpreted
to conclude, however, that these toxigenic benthic species are
necessarily absent from the region.

Subtropical and Tropical Atlantic Ocean
and the Caribbean Sea
In the Northern Hemisphere, the subtropical North Atlantic
Ocean and the Caribbean Sea are not discontinuous in terms
of water mass movement motility of benthic and epiphytic
species and therefore cannot be reliably separated in terms of
ecological niches and ecotypes of benthic dinoflagellates. For
this reason, subtropical and tropical regions belonging to this
biogeographical cluster are considered to include the Eastern
Florida coast and Keys, Bahamas, Turks and Caicos above the
Caribbean proper, the large Caribbean islands of the Greater
Antilles (Cuba, Haiti/Dominican Republic, Puerto Rico, Jamaica)
and a myriad of other islands belonging to the Lesser Antilles,
such as Anguilla, Antigua and Barbuda, Aruba, Barbados,
Curaçao, Guadalupe, Dominica, Martinique, Montserrat, and
St. Lucia, etc., and island chains continuing toward the South
American coast. The mainland coasts of Belize, Venezuela and
Colombia are also linked to this system.

In the northern Caribbean from Cuba, Prorocentrum
belizeanum, P. concavum and P. mexicanum were associated
with nine macroalgal species collected at Bahía de Cienfuegos
and at Jaimanitas Inlet, northeast of Havana (Delgado et al.,
2002). Within the annual cycle from 2011 to 2012, in a
shallow-sheltered reef lagoon offshore Bahía de Cienfuegos, the

reportedly toxic and potentially toxic benthic dinoflagellates
included Gambierdiscus caribaeus, Ostreopsis cf. lenticularis
(dominant), P. hoffmannianum, P. lima and P. mexicanum
(Moreira-González et al., 2016). Along the southern Cuban
coast, a high diversity of Gambierdiscus species has been revealed
by a molecular method (Díaz-Asencio et al., 2016), but the
qPCR technique has not been widely applied in Latin America
for comparison. The epiphytic dinoflagellate taxocoenosis was
studied during two annual cycles (1999 to 2000 and 2001 to 2002)
at Jaimanitas (Delgado et al., 2002; Delgado-Miranda, 2005);
G. toxicus and P. lima were reported as the dominant species, but
the former is a misidentification, according to Litaker et al. (2009,
2010). Coolia monotis, O. lenticularis and P. belizeanum were
also found from Jaimanitas and the latter species is maintained in
culture (Morquecho-Escamilla et al., 2016). An early publication
on epibenthic dinoflagellates from Puerto Rico (Tosteson et al.,
1986) identified two species: G. toxicus and O. lenticularis,
collected at La Parguera on the southwest coast, but, evidently,
G. toxicus was misidentified.

The first studies on ciguatera from waters around the
Caribbean were conducted in the British and United States
Virgin Islands (Coral Bay) of the Lesser Antilles (Carlson and
Tindall, 1985). Both epibenthic and planktonic dinoflagellates
were collected biweekly throughout a year; five dominant
epibenthic species that may contribute to ciguatera were
identified: Gambierdiscus sp. (referred to as G. toxicus),
O. lenticularis, P. rhathymum, P. concavum, and P. lima.
Coolia sp. (referred to as C. monotis) was reported among
the dominant putatively non-toxic benthic species. Much later,
G. caribaeus and G. belizeanus were collected and brought into
culture from St. Tomas, United States Virgin Islands and Saint-
Barthélemy Island (Litaker et al., 2009; Rains and Parsons, 2015;
Boisnoir et al., 2019). Recently, based on morphometric and
phylogenic analyses, two new toxic species, Coolia palmyrensis
and C. santacroce were described from the northern coast of
the Dominican Republic, and the United States Virgin Islands
(Saint Croix), respectively (Karafas et al., 2015; Karafas and
Tomas, 2015). The latter species was also later found further
north in the Bahamas.

From the northeastern coast of Venezuela, near Tortuga
Island, Mochima Bay, and the Gulf of Cariaco, epiphytic
dinoflagellates associated with the seagrass Thalassia testudinum
Banks ex König from 0.5 to 30 m water depth were found
sporadically over two years (Valerio-González and Díaz-Ramos,
2008). Prorocentrum lima, P. rhathymum and P. compressum
were reported as the most abundant putatively toxic species. In
the Gulf of Cariaco (Turpialito Bay), epibenthic dinoflagellates
were also sampled biweekly for six months from different
substrates (T. testudinum, two brown algae, three green seaweeds
and plastic bottles). Ostreopsis siamensis, P. rhathymum and
P. lima were present at the highest abundances among
nine species observed (Navarro-Vargas et al., 2014). Typically,
planktonic species, P. minimum and P. micans, were also
found, but they are not considered part of the epibenthic
taxocoenosis, and in any case are presumably non-toxigenic.
Several potentially toxic benthic species were found in the sand
of two beaches of Margarita Island: Amphidinium carterae,
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O. ovata, O. siamensis, O. lenticularis and P. lima, among which
P. lima, O. ovata and O. siamensis were the most abundant
(Marchan-Álvarez et al., 2017).

Epibenthic dinoflagellate taxocoenosis studies from the
seagrass T. testudinum along the Caribbean Sea coast of
Colombia, from Chengue Bay and Chengue Lagoon, found O.
cf. ovata, P. hoffmannianum, P. lima and P. rhathymum as
the most common among 14 species in these two localities
(Arbelaez et al., 2017). At San Andres Island, 12 species
collected from drifting brown macroalgae and seagrass samples
revealed P. emarginatum and P. belizeanum at the highest cell
concentrations (Mancera-Pineda et al., 2014). In the Gulf of
Morrosquillo, six dinoflagellate species were found attached to
26 macroalgal and seagrass species (Quintana-M and Mercado-
Gómez, 2017). In general, with respect to the species composition
and cell abundances of epibenthic dinoflagellates, the potentially
toxic species, O. lenticularis, O. ovata and P. lima were the
most abundant. The Gambierdiscus taxon found at San Andres
Island was referred to as G. toxicus, as illustrated in two
SEM micrographs in antapical view, but the taxonomic and
biogeographic revision of the genus Gambierdiscus (Litaker
et al., 2009, 2010) was not taken into account. The illustrated
species may be G. belizeanus, judging from the shape of the
1p thecal plate and the cell width/depth ratio (Y.B. Okolodkov,
pers. observation).

Intensive taxonomic observations of benthic dinoflagellate
species from mangrove environments along the western
Caribbean coast of Belize have led to the description of an
array of new morphological species of Coolia, Gambierdiscus,
Ostreopsis, and Prorocentrum (Faust, 1990b, 1993c,d, 1994, 1995,
1997, 1999; Faust and Morton, 1996; Faust et al., 2008; Litaker
et al., 2009). Known species from Belize comprise: C. tropicalis
(referred to as C. monotis); members of the Gambierdiscus group
(Fukuyoa ruetzleri = G. ruetzleri, G. caribaeus, G. carpenteri, and
including toxigenic G. belizeanus); Ostreopsis spp. of unknown
toxicity or considered non-toxic in the region (O. labens, O.
marina, O. belizeana, O. caribbeana); and Prorocentrum species
(P. caribbaeum, P. elegans, P. foraminosum, P. formosum, P.
norriseanum, P. reticulatum, P. ruetzlerianum, P. sabulosum,
P. sculptile, P. tropicalis), with several known toxigenic species
(P. arenarium, P. belizeanum, P. hoffmannianum, P. levis, P.
maculosum). Cultures developed from the material collected at
South Water Cay and Carrie Bow Cay were particularly useful
in the description of the new species, G. caribaeus, G. carpenteri
and F. ruetzleri (Litaker et al., 2009). Benthic dinoflagellate
taxocoenosis in Belize has been studied from a variety of habitats
including floating detritus, coral rubble, sand sediment, lagoon
water, seaweeds and seagrasses from intertidal mangrove islands
in the barrier reef ecosystem (Faust, 1993b, 1995, 2000, 2004;
Faust and Morton, 1996; Morton and Faust, 1997; Faust and
Gulledge, 2002; Faust et al., 2005). Ontogenetic, morphological
and autoecological studies have focused mainly on toxic P. lima
(Faust, 1990a, 1991, 1993a), Coolia sp. [referred to as C. monotis
(Faust, 1992)], and the non-toxigenic species Bysmatrum
subsalsum (Faust, 1996; Faust and Steidinger, 1998). Information
on the problems in species identification, and details on the
morphology, ecology and toxicity of benthic dinoflagellates from

Belize is also included in the accompanying reviews (Faust et al.,
1999; Faust and Gulledge, 2002).

The morphotaxonomy of epibenthic dinoflagellates from the
Caribbean Sea coast of Mexico has been more thoroughly
investigated than from other Caribbean areas, with the possible
exception of Belizean reef ecosystems. Three key species linked
to ciguatera fish poisoning (CFP), Gambierdiscus sp. (referred
to as G. toxicus), G. belizeanus, and Fukuyoa yasumotoi have
been identified from both epibenthos and net phytoplankton
samples collected along the eastern Yucatán Peninsula coast,
including the northern part of the Mesoamerican Reef System
(Hernández-Becerril and Almazán Becerril, 2004). In addition to
these potentially ciguateric species, descriptions and illustrations
of four benthic Prorocentrum species have also been provided
(Almazán-Becerril, 2000). Later, 24 epiphytic dinoflagellate
species, including thirteen Prorocentrum species, were found
from the same area (Almazán-Becerril et al., 2015; Irola-Sansores
et al., 2018). A list of potentially toxic species from the northern
portion of the Mesoamerican Reef System includes A. cf.
carterae, C. cf. tropicalis, O. heptagona, O. siamensis and various
Prorocentrum species, among which P. arenarium, P. belizeanum,
P. concavum, P. emarginatum, P. hoffmannianum, P. lima, P.
maculosum and P. rhathymum have been reported as toxigenic.

Gulf of Mexico
The Gulf of Mexico is linked hydrodynamically to the Caribbean
Sea and adjacent waters and via the Florida Straits to the
western Atlantic coasts of Florida and the Carolinas. The
latter coasts are not technically part of Latin America but
can be considered as a warm water sub-regional extension for
investigating the biogeography and taxocoenosis of toxigenic
benthic dinoflagellates.

The coastal waters of northern Yucatan, along with the
Florida Keys, are the most studied in the Greater Caribbean
Region with respect to benthic dinoflagellate biogeography.
Most investigations focusing primarily on seasonal changes in
benthic dinoflagellate taxocoenosis have been conducted along
the southern Gulf of Mexico in the coastal waters of the
Mexican states of Veracruz and Yucatan. In 2005, at two
sampling sites in the Sistema Arrecifal Veracruzano National
Park, 17 dinoflagellate species were found associated with 23
macroalgal and two seagrass species (Okolodkov et al., 2007).
More recently, Amphidinium cf. carterae, Amphidinium cf.
operculatum, Bysmatrum cf. caponii, Cabra cf. matta, Coolia cf.
monotis, Ostreopsis sp., Prorocentrum cf. lima, and P. rhathymum
were found in a reef zone at Chachalacas, Veracruz (Estrada-
Vargas et al., 2017). In 2008–2009, seasonal changes were
followed at ten sampling sites in the Chelem lagoon system and
in the area exposed to the open sea at Dzilam de Bravo in the
coast of Yucatan (Okolodkov et al., 2014). Prorocentrum lima
and P. rhathymum were the most abundant species among 20
dinoflagellate taxa identified and associated with four seagrass
and 33 macroalgal species. Gambierdiscus toxicus reported in
Yucatan waters (Okolodkov et al., 2009) should be reconsidered
as G. caribaeus, based on the description of the latter new
species (Litaker et al., 2009), and known low toxicity (Litaker
et al., 2017). A survey in 2011 of benthic dinoflagellates along
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the northern coast of the Yucatan Peninsula, within a wide
range of habitats (exposed coast, semi-closed brackish water
and hypersaline lagoons, fringe mangroves) from Celestún to El
Cuyo found 26 dinoflagellate taxa associated with macroalgae,
seagrasses, sponges and surface sediments (Aguilar-Trujillo
et al., 2014). Changes in the benthic dinoflagellate taxocoenosis
(composed of 25 species) were followed in August–December
2011, in the coastal waters of the northern Yucatan Peninsula
(Dzilam de Bravo – San Crisanto area), before and after a
pelagic bloom that lasted about 150 days (Aguilar-Trujillo, 2017;
Aguilar-Trujillo et al., 2017). Prorocentrum rhathymum and P. cf.
sipadanensis were co-dominant before the bloom, but only the
latter remained dominant after the bloom. Along the northern
Yucatan coast, unidentified species of Gambierdiscus, Ostreopsis
and Prorocentrum have also been found (Barón-Campis et al.,
2014). Monitoring of the seagrass Thalassia testudinum over an
annual cycle (2012 to 2013) revealed 16 epiphytic dinoflagellate
species, with P. lima and P. cf. sipadanensis as the most abundant
(Martínez-Cruz et al., 2016).

The benthic habitat in the northwestern Gulf of Mexico is
not considered to be suitable for optimal growth of benthic
dinoflagellates–muddy bottoms characterize the region, but
thousands of oil platforms and hundreds of artificial reefs
along this basin provide substrates for these organisms to
attach to and to reproduce. In 2007, members of the genus
Gambierdiscus were reported as epiphytes on six oil platforms
(Villareal et al., 2007). This study was of particular interest
regarding how human activities can allow for the expansion of
toxic species into places where they were not found previously,
or where the natural substrate was not suitable for survival
and growth. In the northern Gulf of Mexico, United States, a
great diversity of species of the genus Gambierdiscus has been
reported, including G. belizeanus, G. caribaeus, G. carolinianus,
G. carpenteri and Gambierdiscus ribotype 2 (Tester et al., 2013).
This study revealed that some Gambierdiscus species are able to
grow throughout the year at the Flower Garden Banks National
Marine Sanctuary located 185 km offshore of Galveston, Texas in
the northwestern Gulf of Mexico.

Florida Straits, Keys and Southeastern
Atlantic Coast of the United States
The annual cycle (1983 to 1984) of the benthic dinoflagellate
taxocoenosis (<38 µm size-fraction) was studied at five locations
in the Florida Keys: the Upper Matecumbe Key, Long Key,
Knight Key, Bahia Honda Key, and Raccoon Key (Mitchell, 1985).
Amphidinium klebsii, Coolia monotis and Prorocentrum lima
were the dominant species found together with P. rhathymum,
P. emarginatum, and Bysmatrum subsalsum; their autecology
was studied in detail, with respect to seasonality, spatial
heterogeneity and preference for macrophyte substrates among
15 macroalgal species and Thalassia testudinum. The seasonality
of Gambierdiscus sp. (referred to as G. toxicus) was investigated
from field sub-samples taken at Knight Key (Bomber et al., 1988);
the influence of temperature, salinity and light on seasonality,
growth rate and toxicity was determined from unialgal culture
experiments under controlled laboratory conditions. The field

samples collected at Knight Key in 1983 to 1984 (38–250 µm
size-fraction) also served a study of substrate specificity and the
nutrition of five benthic dinoflagellate species (Gambierdiscus
sp. referred to as G. toxicus, Ostreopsis heptagona, O. siamensis,
P. lima, P. rhathymum and P. concavum) from the seagrass
T. testudinum and 14 macroalgal species (Bomber et al.,
1989). Cultures developed from single-cell isolates from samples
collected from Marathon Key were assigned to Gambierdiscus
belizeanus, and isolates from Cape Fear, North Carolina were
the basis for descriptions of the new species, G. carolinianus and
F. ruetzleri (Litaker et al., 2009).

Southwestern Atlantic
Along the Brazilian coasts, Ostreopsis cf. ovata and Coolia
malayensis were reported in the coastal waters of Ubatuba, east
of São Paulo (Gómez et al., 2017b). A new toxic epiphytic
species, Prorocentrum caipirignum, was described (Nascimento
et al., 2017) from isolates collected from Rio de Janeiro (Arraial
do Cabo) and Bahía (Garapuá, Ilha de Tinharé, Cairu). The
lack of reports of toxigenic benthic dinoflagellates (and absence
from Figure 1) from the Argentine coast further south, likely
reflects the low relative cell abundance in colder waters influenced
by the Malvinas Current. The limited or negligible impacts of
toxigenic benthic dinoflagellates on aquaculture and fisheries
activities should not be interpreted, however, to conclude that
such species are absent.

TAXONOMY AND BIODIVERSITY

A comprehensive worldwide guide for identifying marine
benthic dinoflagellates includes 190 described species from
45 genera (Hoppenrath et al., 2014), which is less than a
tenth of the known extant dinoflagellate species diversity
(Taylor et al., 2008; Hoppenrath et al., 2009). Confirmed
toxigenic dinoflagellates with well-defined toxin composition are
all marine free-living obligate or facultative photoautotrophs,
although many have mixotrophic capabilities. In contrast,
among freshwater dinoflagellates, only a single putatively
toxic species (Naiadinium polonicum (Wołosz.) Carty) has
been described, and it is planktonic (Moestrup and Calado,
2018). Toxigenic dinoflagellates comprise more than 90 species
(Moestrup and Calado, 2018), including 22 athecate members
from the Gymnodiniales and Amphidiniales. There are at least
34 toxigenic benthic species and therefore in comparison to
planktonic forms, toxic benthic and epiphytic species are heavily
represented among free-living marine dinoflagellates. The known
toxigenic marine benthic species are found frequently in Latin
America (Table 1 and Figure 1), and often in high relative
cell abundance, but toxigenicity and toxin composition are
typically unconfirmed.

Morphological Taxonomy
The first described benthic dinoflagellate species (Amphidinium
operculatum, Coolia monotis, Ostreopsis siamensis, and
Prorocentrum lima) were characterized morphologically as
early as the late 19th to beginning of the 20th century. A few
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more species were described throughout the 1940s and 1950s
(e.g., Sinophysis microcephalus Nie and Wang, 1944, Roscoffia
capitata Balech, 1956, Amphidinium carterae Hulburt 1957),
but most benthic dinoflagellates have been described based
upon morphological characteristics since the late 1970s. These
species include well-known and widely distributed taxa such
as Gambierdiscus toxicus, P. rhathymum, P. concavum, P.
emarginatum, O. lenticularis, and O. heptagona and comprise
all the major known toxigenic phenotypes. Originally, new
species descriptions were based exclusively on the vegetative cell
morphology and thecal plate tabulations, and this has continued
during the first decade of the 21th century.

The vegetative cells of most benthic dinoflagellates are
relatively large (>10 µm) and often heavily armored (but not
always, e.g., athecate Amphidinium spp.) and thus preserve well
for optical- and electron-microscopic analysis. It is perhaps
surprising, therefore, that an expert dinoflagellate taxonomist can
usually distinguish planktonic taxa at species level easier than
benthic ones. This may be due to the unusually high degree
of intraspecific morphological plasticity among populations of
benthic dinoflagellate species. Furthermore, most cells of benthic
dinoflagellates are bilaterally symmetrical and strongly dorso-
ventrally compressed - a probable adaptation to their specific
habitats (surfaces of seagrasses, macroalgae or invertebrates,
narrow spaces between sand particles, etc). These morphological
constraints create difficulties for detailed microscopic analysis of
the diagnostic apical platelets of genera such as Prorocentrum
Ehrenb. (in the periflagellar area), Amphidiniopsis Wołosz.,
Cabra Murray & Patterson emend. Chomerat, Couté & Nézan,
Plagiodinium Faust & Balech, Planodinium Saunders & Dodge,
Sinophysis Nie & Wang, Thecadinium Kof. & Skogsb., i.e., genera
with reduced epitheca.

Until the past decade, identification of benthic dinoflagellates
at species level has been substantially, if not exclusively, based on
the theca morphology, in particular, on the plate arrangement
(typically Kofoidean tabulation notation). According to
Hoppenrath et al. (2013), asymmetry or symmetry of the
theca, in combination with the shape of the periflagellar area,
is constant within a species; however, the stability of pore
patterns is not known to date. The high degree of morphological
variability and intraspecific plasticity in details of the thecal
structure and ornamentation highlight the difficulties in relying
exclusively on these phenotypic characteristics for distinguishing
benthic dinoflagellate species. Lately, high cryptic diversity has
been revealed for some previously considered “good” species,
such as P. lima, O. ovata or C. monotis, presently referred to
as species complexes (Leaw et al., 2010; Zhang et al., 2015;
Accoroni and Totti, 2016). Problems in the strict application
of the morphospecies concept, particularly for desmokont
dinoflagellates, are well illustrated by the uncertainty in species
boundaries of potentially toxic species such as P. hoffmannianum,
P. belizeanum, P. maculosum and P. faustiae (Hoppenrath et al.,
2013). Patterns of the periflagellar platelets seem to be species-
specific for most benthic Prorocentrum species, as shown in
Hoppenrath et al. (2013). Nevertheless, confirmed identification
of P. lima, one of the most common toxigenic epibenthic species
of the genus and widely distributed in both temperate and

tropical regions, is particularly problematic. The morphospecies
P. lima comprises high cryptic diversity; thus, referring to it as the
“Prorocentrum lima complex” is recommended (Aligizaki, 2009).
Our morphological observations of recent isolates from the
Caribbean and Gulf of Mexico coast of 23 monoclonal cultures
of the Prorocentrum lima complex under an epifluorescence
microscope showed much greater variability in cell shape
than expected; some cells could be easily (if not incorrectly)
identified as another Prorocentrum species but the thecal pore
pattern remained stable. The fact that most species of benthic
dinoflagellates belong to Prorocentrum also contributes to the
above-mentioned methodological difficulties in morphologically
discriminating between benthic and planktonic thecate species.

The problem of distinguishing between P. rhathymum
and P. mexicanum (both reported as toxic) still remains.
Although they are usually regarded as distinct morphospecies,
P. rhathymum is sometimes considered a junior synonym to
P. mexicanum. In addition to subtle morphological differences,
the former species is epibenthic whereas the latter is typically
planktonic (Cortés-Altamirano and Sierra-Beltrán, 2003). If
this habitat distinction is valid, most, if not all, records of
P. mexicanum in benthic habitats are likely misidentifications.
Species boundaries between P. emarginatum and P. sculptile
and between P. faustiae and P. concavum (all reported as
toxigenic except for P. sculptile) are not clear, and more
investigations are required to compare specimens from natural
populations and cultured isolates of these taxa (Hoppenrath et al.,
2014; Lassus et al., 2016).

Ostreopsis species are in general difficult to distinguish because
they have the same thecal plate tabulation (Kofoidean formula)
and that is similar to the genus Coolia; within Ostreopsis there
may be only slight differences in cell shape and sometimes
in the presence of only one thecal pore type (as in most
species) or two types (as in O. lenticularis). Identification at
species level is particularly problematic due to imprecision in the
original descriptions and confusion in subsequent interpretations
(Hoppenrath et al., 2014). The first apical (1’) plate is the
most critical for identification. Probably, only O. heptagona has
the plate features that would allow a specialist to identify it
unequivocally - a long 2’ plate that has a wide contact with the
3’ plate on the epitheca, and a very characteristic 1p plate that
narrows from the sulcus toward the center of the hypotheca.

After re-investigation of the original description of Coolia
species (Hoppenrath et al., 2014), the species are mainly
distinguished on the basis of small differences in the shape and
size of the 1’ and 7’ plates on the epitheca, in combination with
the presence or absence of a suture between the 2”’ and 2”” plates
on the hypotheca.

Gambierdiscus toxicus, the type species of the genus, has
been re-described (Litaker et al., 2009), and subsequently, the
following morphological features have been used to distinguish
between species: shape (narrow or broad) and size of the 1p plate
on the hypotheca; a smooth or areolated thecal surface; and the
shape of 2’ plate, which can be quantified by the ratio of the 2’/2”
suture length to the 2’/4” suture length (Hoppenrath et al., 2014).
Within the morphologically related genus Fukuyoa F. Gómez, D.
Qiu, R.M. Lopes & S. Lin, the species are mainly distinguished
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by the cell size and shape (globular or laterally flattened, unlike
anterior-posteriorly compressed Gambierdiscus sensu stricto), the
proportions between the cell length, width and depth, the shape
of the 2”” plate (Litaker et al., 2009), and the shape of the 1’ plate
(Gómez et al., 2015).

Amphidinium is an athecate genus, with poorly defined
morphological characteristics. The genus is found in a wide
variety of marine habitats including benthic sandy and epiphytic
substrates, and within the water column. Vegetative cells are
generally dorsoventrally compressed with a minute, triangular or
crescent-shaped, usually left-deflected epicone. The type species
of the genus, A. operculatum, was re-described, and the genus was
redefined; based on morphological and molecular phylogenetic
analyses, six distinct species were identified (Jørgensen et al.,
2004; Murray et al., 2004). Furthermore, the genus Prosoaulax
Calado & Moestrup was erected for some freshwater species
previously ascribed to Amphidinium (Calado and Moestrup,
2005). Among toxigenic benthic Amphidinium species, the two
most frequently reported, A. carterae and A. cf. operculatum are
distinguished mainly by the cell size and shape of the epicone.
Furthermore, some authors consider that A. operculatum and
A. klebsii are synonyms (Dodge, 1982); Karafas et al. (2017);
however, recommended elimination of A. klebsii as an accepted
taxonomic entity. Examination of live Amphidinium cells is
always preferable; otherwise, for morphological study, Lugol’s
iodine-fixed cells are better than formalin- or ethanol-fixed ones.
The number and the shape of chloroplasts and the position
of the ring-shaped starch-sheathed pyrenoid can be additional
useful features to identify species and to distinguish among other
Amphidinium species (Karafas et al., 2017).

Molecular Genetic Approaches to
Taxonomy and Phylogenetic
Reconstruction
The advent of molecular technologies, particularly metagenomics
and targeted gene sequencing, has revolutionized our
understanding of biodiversity of microeukaryotes in marine
ecosystems, revealing cryptic species and permitting definition
of biogeographical distributional patterns of species occurrence.
Within the last decade, morphological descriptors are frequently
supplemented by molecular methods applied to sequencing
key genes (rDNA, ITS) for taxonomic and phylogenetic
reconstruction for benthic dinoflagellates (e.g., Litaker et al.,
2009). Among toxigenic HAB taxa, molecular approaches have
been essential in establishing the structure and function of toxin
biosynthetic genes and the mechanisms whereby gene expression
is regulated. As of yet, there are no diagnostic gene probes for the
polyketide synthase (PKS) genes presumably responsible for the
biosynthesis of the array of polyether toxins produced among
various benthic dinoflagellates.

Application of ecogenomics and phylogenetic reconstruction
approaches to bHAB taxa (almost all dinoflagellates) has been
rather sporadic and often geographically limited, with very
little information available for toxigenic benthic dinoflagellates
from Latin America. Nevertheless, a few key studies have
addressed this issue from a global perspective, but which involve

populations from the Americas. Molecular evidence supports
the contention that both P. belizeanum and P. hoffmannianum
belong to the P. hoffmannianum species complex in which clades
are separated by geographical region. Thus, four ribotypes can be
distinguished from diverse geographical locations: from Belize,
Florida-Cuba, India and Australia (Herrera-Sepúlveda et al.,
2015). Similarly, application of molecular tools to the genus
Gambierdiscus, originally believed to be monotypic, has resolved
several cryptic taxa within this genus into distinct species, and
is adding to an ever increasing list of new descriptions (Larsson
et al., 2018). Recently, combined morphological and molecular
genetic analysis was also successful in separating a new genus,
Fukuyoa, with putative toxigenicity, and similar to but distinct
from Gambierdiscus (Gómez et al., 2015).

Establishing the link between toxigenicity and phylogenetic
relatedness among benthic dinoflagellates continues to be
hampered by the lack of targeted gene probes for toxin
biosynthetic genes and limited analysis of toxin spectra
from natural populations and cultured isolates. Nevertheless,
there are ongoing attempts to define patterns of toxigenicity
and taxonomic affiliations. Currently, three genetic clades of
Ostreopsis cf. ovata have been shown to occur in overlapping
geographical areas (Penna et al., 2005), and several different
toxicity patterns have been described (Carnicer et al., 2016). In
this investigation, thirteen isolates from the coast of Ecuador
in the eastern Pacific Ocean, including a geographical area
from which no information existed, were analyzed for Ostreopsis
genotypes and toxicity of the O. cf. ovata complex. By analyzing
the ITS and 5.8S rDNA, the isolates were found to be identical
and to cluster within the Atlantic/Indian/Pacific clade.

Beyond the contribution to resolution of taxonomic issues
and cryptic species, functional genomic approaches will play
an increasing role in tracking shifts in gene frequency of HAB
species over seasonal and multi-annual cycles. Although such
work has already been initiated for planktonic HAB species at
the population level, e.g., for diversity of Alexandrium minutum
along the coast of France (Le Gac et al., 2016), to our knowledge
there are no published corresponding studies for bHAB species
within tropical or subtropical ecosystems in Latin America. Such
studies are critical to understanding the population dynamics of
bHABs and associated toxin distribution because the ecological
niche definitions and contributions to community structure are
expected to be rather different for benthic species compared with
their planktonic counterparts.

DETERMINATION OF TOXIN
COMPOSITION, OCCURRENCE AND
ASSOCIATED SYNDROMES

Most Latin American countries have developed and implemented
some capability for monitoring potentially toxic phytoplankton
blooms and/or the presence of their toxins above regulatory
limits in production and harvest zones for mollusks for
human consumption (Secretaría de Salud, 2015). Phycotoxin
monitoring programs in Latin America have tended to focus
on quantitative assay or analysis of hydrophilic toxins in
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shellfish, primarily the paralytic shellfish toxins (PSTs) (or
saxitoxins) and domoic acid, associated with planktonic blooms
of dinoflagellates (Alexandrium spp., Gymnodinium catenatum,
Pyrodinium bahamense) or chain-forming diatoms (Pseudo-
nitzschia spp.), respectively. In Latin America, somewhat less
monitoring attention has been directed to the lipophilic
phycotoxins from planktonic dinoflagellate blooms, such as the
diarrhetic shellfish toxins (DSTs; okadaic acid/dinophysistoxins)
from Dinophysis spp., and brevetoxins from Karenia brevis,
mainly in the Gulf of Mexico. With respect to the toxins generated
by bHABs and the associated benthic dinoflagellate species, there
are no comprehensive monitoring programs implemented within
Latin America.

Benthic dinoflagellates are capable of synthesizing a wide array
of bioactive molecules, particularly cyclic polyether compounds,
often considered as “toxins” because of their potent effects in
mammalian systems and/or cytotoxicity. These toxins are, in
general, lipophilic compounds, and thus highly soluble in organic
solvents, but their polarities are extremely variable (Blanco et al.,
2005), and among analogs they differ markedly in specific toxicity
and species occurrence (Figures 2–5 and Table 2).

Ciguatoxins (CTXs) (Figures 2A–E) have been directly
implicated in CFP (Lehane, 2000), but early studies also
presumed that maitotoxins (MTXs) (Figure 2F) were involved
in the diverse CFP syndrome (Yasumoto and Murata, 1993).
Ciguatoxins are known to act on site 5 of the voltage-gated
sodium channels (NaV) with great affinity, affecting normal
cellular function through the elevation of cytoplasmic Na+

and Ca2+ concentrations. Other biological activities have also
been reported, such as the blockage of voltage-gated potassium
channels (KV), activation of L-type Ca2+ channels, and
accumulation of nitric oxide in cells (Kumar-Roiné et al., 2008).

Maitotoxins (Figure 2F) are water-soluble polyethers,
structurally similar to CTXs but more hydrophilic due
to numerous hydroxyl and sulfate groups. When injected
intraperitoneally into mice, MTX is among the most potent
known natural toxins (Estacion, 2000), with toxicity even higher
than for CTX, but less potent when administered orally (Wang,
2008; Kohli et al., 2014). The role of MTX analogs in CFP
has not been clearly established, although accumulation in
carnivorous fish tissues such as viscera, liver and muscle has been
confirmed (Kohli et al., 2014). Recent toxicological studies have
shown that MTXs are probably not a significant factor in CFP
because of their low oral potency and higher water solubility
(compared to CTXs).

Circumstantial association of CFP with toxigenic benthic
dinoflagellates has led to the historical view that the toxin
syndrome represents a synergistic effect of a complex suite of
diverse metabolites produced by various benthic dinoflagellates
(primarily Gambierdiscus, Amphidinium, Coolia, Ostreopsis, and
Prorocentrum species). Gambierdiscus species are still considered
the ultimate origin of most toxins involved in CFP, but structural
elucidation of many CFP toxins has traditionally been conducted
on tissue extracts of fish and other marine fauna, rather than
directly from the putative toxigenic dinoflagellates. With the
advent of advanced mass spectrometric and NMR approaches,
it is now confirmed that members of the genus Gambierdiscus

(and closely related Fukuyoa) produce multiple analogs of toxins
such as CTXs and MTXs, known to be associated with CFP,
whereas the other implicated genera do not. For some years,
the genus Gambierdiscus was thought to be monotypic, but
increased interest and the use of molecular tools for taxonomic
identification have shown that this genus comprises multiple
species, and an increasing list of new taxa (Larsson et al., 2018).
A new related toxigenic genus, Fukuyoa, has also been described
(Gómez et al., 2015) but few strains of this genus have been
established in culture, and hence there is little autoecological
information, and only scarce knowledge on natural distribution
and toxin production. Research on F. ruetzleri from Belize, North
Carolina and the United States coast of the Gulf of Mexico
found CTX and CTX-like compounds (Holland et al., 2013; Lewis
et al., 2016; Litaker et al., 2017; Pisapia et al., 2017). A study on
F. paulensis from Australia, detected no CTX or CTX-related
bioactivity, but a putative MTX analog, known as MTX-3 was
found (Larsson et al., 2018), though this species has not been
identified in Latin America.

Diarrhetic shellfish poisoning (DSP) is a human intoxication
syndrome caused by consumption of shellfish contaminated with
okadaic acid (OA) and/or structurally related dinophysistoxins
(DTXs) (Figure 3A). The OA toxin group comprises lipophilic
polyether toxins that can accumulate in suspension-feeding
shellfish such as oysters, mussels, scallops, cockles and clams.
Some known analogs, such as DTX3, are considered almost
non-toxic in their natural form (Braga et al., 2016), but could
be hydrolyzed after ingestion and thereby converted into more
potent compounds, such as OA, DTX1 and DTX2 (Doucet et al.,
2007). These toxins are potent inhibitors of the serine/threonine
phosphatases PP1, PP2A, and PP2B (Bialojan and Takai, 1988;
Hu et al., 2017). Since diarrheic episodes have not been
explicitly confirmed as linked with PP inhibition, other modes
of action could be involved in the intoxication process, probably
related to a neuropeptide that protects against diarrhea by
the inhibition of intestinal mobility and water and electrolyte
secretion (Louzao et al., 2015).

On a global basis, production of DSP toxins and associated
HAB events are usually associated with members of the
phytoplankton community belonging to the genus Dinophysis,
but these toxins are also produced by several species of benthic
dinoflagellates of the genus Prorocentrum (Valdiglesias et al.,
2013). Benthic Prorocentrum species known to produce OA
and toxic DTX analogs include P. borbonicum, P. caipirignum,
P. cassubicum, P. concavum, P. cordatum, P. emarginatum,
P. faustiae, P. hoffmannianum, P. lima, P. maculosum, P.
mexicanum, and P. texanum (Moestrup et al., 2009). Even though
many of these toxigenic species have been reported from Latin
American coasts (Tables 1, 2), except for earlier work in Cuba
(Delgado et al., 2002, 2005) and Mexico (Heredia-Tapia et al.,
2002), few studies have been conducted to corroborate their
toxicity in the region.

To our knowledge, there are no confirmed records of DSP
caused by toxins associated with benthic dinoflagellates in Latin
America, although there is mention of one case which could
be attributable to such toxins (Heredia-Tapia et al., 2002). In
general, there are no reliable data of incidence or etiology of DSP
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FIGURE 2 | Some toxins associated with ciguatera fish poisoning (CPF) and originating from members of the genus Gambierdiscus and/or Fukuyoa: (A) CTX1B;
(B) CTX4A; (C) epideoxyCTX1B; (D) CTX3C; (E) 51OH-CTX3C; (F) MTX. Structures modified from Ajani et al. (2017) and Kato and Yasumoto (2017).

episodes in the region (Acuña, 2015). In most cases of putative
DSP, affected people are not attended to by medical services or,
even when this is the case, because the major DSP symptoms
include diarrhea, abdominal pain, gastrointestinal distress and
sometimes fever (James et al., 2010), they are easily confused with
other food-borne gastrointestinal syndromes.

Bioactive cyclic imine compounds, known as
prorocentrolides, may be produced by P. lima (Figure 3B),
but the human health risk has not been established. Members
of this family of macrocyclic imines are known as “fast-acting

toxins” due to the rapid onset of neurological symptoms,
followed by paralysis and death after intraperitoneal injection
into mice (Amar et al., 2018). At least one benthic dinoflagellate
species found in Latin America, P. caipirignum, is capable of
producing both OA and prorocentrolides (Nascimento et al.,
2017). Recent studies including competition-binding assays,
electrophysiological techniques and in silico simulations have
been performed with prorocentrolide-A to determine potency
and biological activity (Amar et al., 2018). Such cyclic imines
have been reported to be antagonists of muscle and neuronal
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FIGURE 3 | (A) Okadaic acid (OA) and dinophysistoxins (DTXs) produced by benthic members of the genus Prorocentrum (Twiner et al., 2016); a.1 to a.5 C8-diol
ester and sulfated diesters of OA. (B) Prorocentrolides and analogs reported to date. Modified from Amar et al. (2018).
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FIGURE 4 | (A,B) Amphidinols A and B; (C) Amphidinolide A; (D). Amphidinin; (E) Amphezonol (Kobayashi and Kubota, 2007; Cutignano et al., 2017). Reprinted
with permission from Kobayashi and Kubota (2007).

types of nicotinic acetylcholine receptors (nAChRs) (Molgó et al.,
2017), but their exact mode of action remains unknown.

Cytotoxic macrolides produced by members of the primarily
benthic dinoflagellate genus Amphidinium, and hence called
amphidinolides (Figures 4A–E), have shown hemolytic activity
(Yasumoto et al., 1987), as well as evidence of cytotoxicity
against cancer cell lines, and antifungal properties (Kobayashi
et al., 1991; Bauer et al., 1995a,b; Kobayashi et al., 2002;
Tsuda et al., 2007; Espiritu et al., 2017). Within the last
decade, interest in the toxigenicity of this genus has increased
because some species, namely the type species A. carterae
Hulburt 1957 and members of the A. operculatum Claparède
& Lachmann, 1859 species complex, are known to produce
ichthyotoxic substances (Kobayashi et al., 1991; Satake et al.,
1991; Tsuda et al., 1994; Bauer et al., 1995a,b). In most cases,
bioactivity (and in higher doses toxicity) is assumed to be
related to various polyketides and macrolides isolated from
different species of the genus (Kobayashi et al., 1991; Bauer
et al., 1995a,b; Kobayashi et al., 2002; Tsuda et al., 2007; Espiritu
et al., 2017). Nevertheless, many of the pioneering studies
lacked sophisticated chemical analysis for structural elucidation
and toxin potency confirmation was often conducted only on
semi-purified material.

No human illnesses or marine faunal mortalities have
been directly linked to bHABs of Amphidinium or via toxins
transferred in marine food webs (Holmes et al., 2014), but some
fish kills have been circumstantially attributed to Amphidinium.
If confirmed, such cases are probably due to amphidinol and
its analogs, because they are structurally similar to karlotoxins,
known ichthyotoxins produced by planktonic Karlodinium
species (Place et al., 2012). In any case, to date there are
no published data on the toxin composition or associated
ichthyotoxicity of cultured isolates or natural populations of
Amphidinium species found in Latin America.

Members of the genus Coolia are known to produce bioactive
secondary metabolites (and putative toxins), but there is still
confusion about both their toxigenic potency and taxonomic
affinities within the genus. The genus is undergoing rapid
taxonomic revisions, and two new toxic species have been
recently added to the list: C. palmyrensis and C. santacroce
(Karafas et al., 2015; Karafas and Tomas, 2015); it is also
likely that certain Amphidinium species have been previously
misidentified as C. monotis and C. malayensis. According to
the IOC-UNESCO Taxonomic Reference List of Harmful Micro
Algae (Moestrup et al., 2009), C. tropicalis is the only confirmed
toxin producing species among of the five Amphidinium species
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FIGURE 5 | Structures of palytoxin (PLTX) and ostreocin-D, produced by certain benthic members of the genus Ostreopsis (Amzil et al., 2012).

on the list (C. monotis, C. tropicalis, C. areolata, C. canariensis,
and C. malayensis). Most members of the genus are apparently
non-toxigenic, although in any early report (Holmes et al.,
1995) based on a mass spectrometric analysis, C. monotis
was found to produce cooliatoxin, a probable monosulfated
analog of yessotoxin. Extracts and supernatants of cultured
C. monotis have showed hemolytic activity, toxicity to mice, and
sodium channel activity (Rhodes and Thomas, 1997), but the
specific compounds responsible for such bioactivity have not
been structurally elucidated. Until now, no human intoxications
caused by metabolites produced by members of the genus Coolia
have been reported, and many studies have failed to detect
toxicity in any species (Holmes et al., 2014). There is no published
research on bioactive metabolites (including toxins) produced by
this genus in Latin America.

Palytoxins (PLTXs) are complex polyhydroxylated polyketides
with both lipophilic and hydrophilic moieties (Figure 5; Ramos
and Vasconcelos, 2010); PLTX is considered to be among the
most potent non-proteinaceous toxins, second only to MTX with
respect to intraperitoneal toxicity in mice. Recently, members
of the genus Ostreopsis have been found to produce PLTX,
and almost 20 analogs are known to date (Ajani et al., 2017).
Four structural sub-groups of these toxins have been defined:
palytoxins, ostreocins, ovatoxins and mascarenotoxins (Tubaro
et al., 2012), but toxigenicity of most individual analogs remains
undetermined. Blooms of Ostreopsis are now well known

for causing respiratory distress in humans in coastal areas,
particularly in southern Europe and the Mediterranean Sea,
because of toxic aerosol formation, but the problem has not yet
become evident in Latin America. Isolates of the O. cf. ovata
complex from the coast of Ecuador were judged to be non-
toxic according to hemolytic cell assays, and the absence of
PLTX-like compounds was confirmed by liquid chromatography-
mass spectrometry (LC-MS/MS) (Carnicer et al., 2016). Whether
lack of human toxic events associated with Ostreopsis in Latin
America is primarily due to the relatively low magnitude
of the blooms, hydrodynamic factors associated with aerosol
formation, lack of human exposure in bHABs affected areas
or to the non-toxigenicity of local populations remains
to be established.

Studies on benthic dinoflagellates in Latin America have
traditionally relied on microscopic taxonomic analysis of samples
collected from benthic or epiphytic substrates; if species known to
be toxic elsewhere are detected and morphologically confirmed,
local populations are often assumed to be toxigenic as well.
Such populations are then considered to be the causative agent
of toxic events associated with bHAB toxins found nearby,
e.g., in reef fish associated with ciguatera fish poisoning (CFP)
even without proving toxicity of the local strains (Delgado-
Miranda, 2005). Ciguatera chemistry in Latin America is focused
mostly on public safety, e.g., fish tissues are analyzed or assayed
by governmental laboratories. Toxin chemistry research is scarce,
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TABLE 2 | Toxic benthic dinoflagellates and evidence of toxigenicity.

Species Original species description Toxinological source Toxins produced

Amphidinium

A. carterae Hulburt 1957 Yasumoto et al., 1987; Echigoya et al., 2005; Morsy
et al., 2006; Meng et al., 2010; Rhodes et al., 2010

Polyketides with antifungal, hemolytic and/or
ichthyotoxic activity

A. operculatum Clap. & J. Lachm, 1859 Maranda and Shimizu, 1996 Cytotoxic compounds

Coolia

C. palmyrensis Karafas, Tomas & York 2015 Karafas et al., 2015 Cytotoxic compounds

C. santacroce Karafas, Tomas & York 2015 Karafas et al., 2015 Cytotoxic compounds

C. tropicalis M.A. Faust, 1995 Holmes et al., 1995; Mohammad-Noor et al., 2013 Cooliatoxin

Fukuyoa

F. yasumotoi (M.J. Holmes) F. Gómez, D.
Qiu, R.M. Lopes & S. Lin, 2015

Litaker et al., 2017 CTX

Gambierdiscus

G. belizeanus M.A. Faust, 1995 Chinain et al., 1999, 2010a; Kohli et al., 2015 CTX and MTX

G. caribaeus Vandersea, Litaker, Faust,
Kibler, Holland & Tester, 2009

Holland et al., 2013 MTX

G. carolinianus Litaker, Vandersea, Faust,
Kibler, Holland & Tester, 2009

Holland et al., 2013 MTX

G. carpenteri Kibler, Litaker, Faust, Holland,
Vandersea & Tester, 2009

Holland et al., 2013 MTX

G. toxicus Adachi & Fukuyo, 1979 Chinain et al., 2010a; Kohli et al., 2015 CTX and MTX

Ostreopsis

O. lenticularis Fukuyo 1981 Tindall et al., 1990 PLTX, ostreotoxin-1 and 3

O. ovata Fukuyo 1981 Nakajima et al., 1981; Penna et al., 2005;
Honsell et al., 2013

Ovatoxins and other PLTX analogs

O. siamensis Schmidt 1901 Ukena et al., 2001; Ciminiello et al., 2013, 2014 PLTX, ostreocin-B, ostreocin-D

Prorocentrum

P. arenarium M.A. Faust, 1994 Murakami et al., 1982; Bialojan and Takai, 1988;
Morton and Bomber, 1994; Nascimento et al., 2005;
Napolitano et al., 2009; An et al., 2010; Dominguez
et al., 2010; Ferron et al., 2014; Braga et al., 2016;
Twiner et al., 2016; Hu et al., 2017;
Nascimento et al., 2017

Benthic Prorocentrum species may produce: OA
and/or ethyl-, methyl-, deoxy-, diol ester-OA analogs;
DTX1-6 analogs; prorocentrolides and related
macrolides and other non-characterized toxins

P. belizeanum M.A. Faust 1993

P. concavum Fukuyo 1981

P. emarginatum Fukuyo 1981

P. hoffmannianum M.A. Faust 1990

P. lima (Ehrenb.) F. Stein 1878

P. maculosum M.A. Faust 1993

P. mexicanum B.F. Osorio, 1942

P. rhathymum A.R. Loebl., Sherley &
R.J. Schmidt, 1979

Note that listing in this table does not imply that all strains and global populations produce toxins and many earlier reports of toxicity remain unconfirmed. CTX, ciguatoxin;
MTX, maitotoxins; PLTX, palytoxin; OA, okadaic acid; DTX, dinophysistoxin.

and most scientific data are presented only at local or national
conferences (Barón-Campis et al., 2014; Ley-Martinez et al., 2014;
Núñez-Vázquez et al., 2018).

The necessary methods for the determination of toxin
composition, most notably LC-MS/MS, are not widely applied
for regulatory toxin surveillance in seafood or in research
programs within Latin America. Many known toxins have not
yet been confirmed from benthic dinoflagellates or food web
compartments and seafood from the region. In some cases, such
as for the CTXs, neither certified analytical standards nor reliable
calibration reference materials are available for these assays and
analyses (Dechraoui-Bottein and Clausing, 2017). Nevertheless,
several Latin American countries, namely Brazil, Chile, Argentina
and Mexico among others, have recently established LC-MS/MS
facilities for phycotoxin analysis, including certain lipophilic
analogs of highest relevance for toxigenic benthic dinoflagellates

and contaminated seafood. These are now being applied to
both research questions and toxin monitoring activities on
a limited basis.

In most of Latin America, the conventional method for quick
decisions on fisheries and aquaculture closures for public health
protection remains the mouse bioassay (MBA). Variations of the
standardized AOAC MBA for hydrophilic and lipophilic toxins,
respectively, are widely applied in laboratories for seafood quality
control throughout Latin America. In certain countries, the
MBA has been largely replaced by chemical analytical methods
for hydrophilic toxins, in particular by liquid chromatography
coupled to ultraviolet detection [LC-UV] for domoic acid,
and by LC coupled with fluorescence detection (LC-FD) for
PSTs. Alternative diagnostic techniques, such as the phosphatase
inhibition assay for DSTs or immunoassays for PSTs and domoic
acid are often available, but they are typically applied for research
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or limited toxin screening purposes and are not common in
regulatory protocols (Ministerio de Salud, 2008; NOM-242-SSA1,
2009; Secretaría de Salud, 2015; Hardison et al., 2016; Lewis et al.,
2016). The MBA allows for rapid results to decide on closures for
shellfish and finfish harvesting but has a high detection limit and
is rather imprecise regarding toxicity.

Biochemical and functional biological assay methods are
primarily useful for semi-quantitative screening for specific
toxin groups. For example, in vitro biological assays such as
the neuroblastoma (N2A) assay, and the radioligand/fluorescent
receptor-binding assay (RBA) have been successfully applied
for detection of certain lipophilic neurotoxins. The latter
technique has been developed for screening the NaV site 5
specific neurotoxins, including the brevetoxins (PbTxs) and
CTXs (Dechraoui-Bottein and Clausing, 2017). In Cuba, an
optimized receptor binding assay (RBA) has been used to
detect CTXs (Díaz-Asencio et al., 2016), and the protocol
supports the validation of the assay. This will allow the
implementation of a monitoring program for CTXs in this
country, but to date such technological approaches have not
been widely deployed in Latin America (Cuellar-Martinez et al.,
2018). In any case, in addition to the drawback of the lack
of certified reference materials for many toxin analogs, none
of these assay methods are adequate for full qualitative and
quantitative determination of lipophilic bHAB toxin analogs in
either plankton or seafood matrices.

Among the phycotoxin syndromes associated with benthic
dinoflagellates in Latin America, human illnesses linked to
CFP are clearly the most acute and socio-economically
relevant, but little etiological information is available on a
regional scale. Within Mexico, 25 relatively well documented
cases of CFP have been reported between 1979 and 2014
(Cuellar-Martinez et al., 2018), and CTX has been found in
tissues of several fish species in the Caribbean (Ley-Martinez
et al., 2014). Ciguateric areas and fishes are well-known by
inhabitants of Caribbean coasts, in particular, through experience
from historical and recent cases of CFP. Ciguatoxins are
accumulated through the food webs in many tropical marine
ecosystems, but to date little research has been conducted
on the kinetics and mechanisms of toxin transfer from
benthic dinoflagellates to carnivorous fish in Latin America
and metabolism and toxin composition in various ecological
compartments remains poorly understood. Registration of
human cases and confirmed CFP intoxications is inconsistent in
the region; in the Caribbean it has been estimated that almost
half of the cases are not reported to medical facilities (Olsen
et al., 1984), but public health surveillance and awareness are
gradually improving.

In the absence of reliable diagnostic procedures for toxin
detection, in many cases, fish that are known to be potentially
toxic based upon historical medical or anecdotal data are
simply avoided or banned for human consumption, such as
the barracuda (Sphyraena spp.) in the Mexican Caribbean state
of Quintana Roo (Olsen et al., 1984; García-Mendoza et al.,
2016). Traditionally, fish are sold directly to the consumers
by fisherman, or through cooperatives and fish markets; fish
purchase is considered a hazardous activity, such that even hotels

and restaurants in the Virgin Islands have refused to serve local
fish (Olsen et al., 1984).

A key study carried out in Cuba on three coastal fishing
communities showed a circumstantial link between macroalgal
biofouling enhanced by thermal pollution that caused coral
bleaching, and ciguatera cases (Morrison et al., 2008). More
importantly, the social–ecological resilience of the community
was demonstrated by linking through the local fishermen
organizations via communication related to ciguatera and
ciguatoxic fish in the fishery areas, and the associated CFP
cases. In a well-organized fishing community, where this
information was provided and shared, the number of CFP cases
remained low, whereas in a larger non-organized community,
where the relevant information scarcely reached the fishermen,
intoxication cases increased during the same time period.
This highlights the critical importance of local education,
networking among seafood producers, regulatory authorities
and public health personnel, and information exchange in
ciguateric areas.

CURRENT AND FUTURE PERSPECTIVES
ON BENTHIC HARMFUL ALGAL
BLOOMS AND GLOBAL CHANGE

On a global scale, HABs and their environmental and human
health consequences appear to be more frequent, intense
and widespread within the last several decades (Hallegraeff,
2010). Toxic incidents caused by polyether phycotoxins are
increasing worldwide, with an apparent expansion in the
distributional range of toxin-producing benthic dinoflagellates,
perhaps driven by climatic shifts and anthropogenic factors.
Current assumptions are that this apparent increase is primarily
related to global climate change, anthropogenic impacts in the
coastal zones and enhanced public and scientific awareness via
improved toxin and bloom surveillance programs (Accoroni
et al., 2011). Evidence for the “global spreading hypothesis”
has been acquired primarily for planktonic HABs, as they
have historically received more research attention than bHABs,
which tend to be cryptic and less spectacular. Recent studies,
however, have shown that marine benthic and epiphytic
dinoflagellates are also expanding their biogeographical ranges,
with frequent species occurrences at latitudes where they were
formerly unknown or uncommon (Shears and Ross, 2009).
Benthic and epiphytic toxic dinoflagellates are now emerging
as a critical issue due to their range expansion from tropical
and subtropical waters to temperate coasts (Aligizaki, 2009;
Shears and Ross, 2009).

This global spreading phenomenon was noted several
decades ago for phytoplankton (Smayda, 1990; Hallegraeff,
2010), and more recently for species associated with
HAB events linked to benthic systems (GEOHAB, 2012;
Kibler et al., 2015). In particular, whereas bHABs were
often previously considered to be restricted to discrete
zones (e.g., coral reefs, mangrove coastal waters) of
tropical ecosystems there have been increasing reports of
toxigenic benthic species and bHAB events in subtropical
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and even warm temperate regions (GEOHAB, 2012;
Kibler et al., 2015).

The implementation of more effective and comprehensive
surveillance programs for detection of putatively toxigenic
species and better linkages to environmental and human
health consequences undoubtedly accounts for some of
this apparent increase in the magnitude, frequency and
biogeographical distribution of bHABs. Nevertheless, there
is now empirical evidence of shifts in distributional range
of bHAB-associated taxa that can be circumstantially linked
to global change and the mesoscale consequences in local
and regional ecosystems. For example, expansion into
temperate waters by members of the genus Gambierdiscus
has been reported (Jeong et al., 2012). The associated risk
of exposure to CFP is usually higher in the tropics (Lewis,
1986), but as sea surface temperatures continue to rise, it
is likely to become more prevalent in temperate regions
(Kibler et al., 2015). The positive correlation between water
temperature and abundance of Gambierdiscus cells could lead
to expansion into areas where this genus was never or rarely
previously reported.

Blooms of Ostreopsis have emerged within the last decade
as a major problem in southern Europe, particularly in the
Mediterranean Sea, where they are associated with palytoxins
and toxic aerosols causing respiratory problems in humans
in affected coastal areas (Lemée et al., 2012). Closely related,
if not identical Ostreopsis species, are commonly found in
Latin America but not yet associated with toxic events.
Knowledge of toxigenicity of Ostreopsis populations in Latin
America is also lacking and this must be regarded as a
critical issue to be addressed in the near future. Sudden
expansion of bloom magnitude within local areas and/or
range extension into more temperate waters could yield
severe impacts to the tourist industry and shellfish production
in Latin America.

Global climate change is frequently invoked to explain
shifts in biogeographical distribution of marine microeukaryotes,
with increased temperatures considered the primary driver
of range expansions. Correlations between climate variability
and CFP incidence has led to preliminary conclusions that
climate change is already responsible for global increases in
CFP cases and that this trend will continue in the future
(Tester et al., 2010; Gingold et al., 2014). In addition to
the caveat that correlation is not necessarily causality, the
assumption that climate-dependent biogeographical shifts in
bHAB species distribution is a direct function of sea surface
temperature increases is clearly an oversimplification and
perhaps not generally valid. Furthermore, although higher
water temperatures at benthic interfaces should lead to slightly
higher growth rates and range expansion within temperature
limits, evidence that such temperature regimes will selectively
favor genotypes of bHAB dinoflagellates over other members
of benthic communities is lacking. Global change scenarios
for consequences on bHAB biodiversity and biogeography
must consider not only direct temperature effects, but also
anthropogenic consequences due to deforestation, destruction
of mangroves, urbanization and altered land use strategies

in coastal zones, which can contribute to nutrient loading
(eutrophication), organic and heavy metal pollution, ocean
acidification, alteration of run-off patterns and volumes,
changes in sediment deposition and coastal erosion processes.
Anthropogenic disturbances, such as pollution, dredging and
construction activities close to reefs have already had a
dramatic impact on the health and diversity of reef ecosystems
and presumably could influence the pattern and intensity
of bHAB events (Chinain et al., 2010b; Rongo and van
Woesik, 2011). In addition to these direct anthropogenic
environmental stressors, extreme weather events (hurricanes,
typhoons, tornados, etc.), whether they are linked to global
climate change or not, creates short-term habitat disruption and
hydrodynamic shifts that could account for permanent changes
in bHAB species biogeography.

The integration of all these oceanographic processes leads
to a complex expression of regime shifts yielding changes in
the dynamics and distribution of bHABs. Such challenges must
be addressed at the appropriate temporal and spatial level, e.g.,
submesoscale. Perhaps, it is premature to consider constructing
predictive models of bHAB dynamics in Latin America, given the
current lack of the knowledge of the functional ecology of these
complex benthic ecosystems. Nevertheless, it is not too soon to
generate testable hypotheses on the interactions among bHAB
dinoflagellates and their shifting environmental regime, and the
extent to which growth, survival and toxigenesis are determined
by external “bottom-up” abiotic mechanisms versus internally
regulated acclimation and adaptive responses. Warning signs are
required to improve surveillance and research on these bHABs
and addressing these hypotheses will generate knowledge to
support risk assessment and bHAB dynamic modeling.

The urgency of the requirements for enhanced research and
monitoring strategies is underscored by the fact that thousands
of cases of human illnesses linked to seafood consumption,
primarily CFP caused by transfer of phycotoxins into fish,
but also other toxin syndromes originating from benthic
dinoflagellates occur annually and often in tropical regions with
poorly developed human health and research infrastructure. In
Latin America the socio-economic impacts of bHABs, including
increases in public health expenses, reduced productivity, lost
tourism revenue, the need to seek alternative seafood resources,
increases in the cost of monitoring bHAB events and toxins
(Berdalet et al., 2017) are often not taken into account and
are rarely systematically addressed. Collaborative work among
public health authorities, fishermen, aquaculturists and scientists
is required to address the challenges posed by bHABs at the
local and regional level within Latin America. On a global scale,
the integrated research and observational program GlobalHAB
has been established to enhance research on these harmful algal
species, to understand their relationships within the ecosystem
and to determine their future trends in a changing world
(Berdalet et al., 2017). Such international programs will provide
detailed knowledge about toxins, public health risks, microalgal
metabolism, and oceanographic processes and mechanisms
related to HAB dynamics, with the ultimate goal of developing
strategies for decreasing the impacts of HABs on human health
and wellbeing (Berdalet et al., 2016).
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In the Latin American context, it is encouraging that bHABs
are considered as a major focus of the international research
agenda. With the exception of the Gulf of Mexico and the
Florida coasts of the United States, and a few isolated islands
in the Caribbean region, biogeography and biodiversity of
toxigenic benthic dinoflagellates in the Americas is virtually
unexplored and poorly understood. In Latin America, the current
lack of knowledge on bHABs is at least partially attributable
to the paucity of advanced technology (e.g., gene sequencing
facilities for phylogenomics and molecular taxonomy; liquid
chromatography-mass spectrometry for toxin analysis) and
trained personnel applied to biodiversity studies. Yet such
capacity building and technology transfer is now underway and
successful research initiatives on biogeography and biodiversity
will assist in designing effective management strategies for bHAB
events in Latin America.
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It is likely that harmful algal blooms have increased in frequency, intensity, and
geographic distribution in the last decades in response to anthropogenic activities.
The Galápagos Islands are renowned for their exceptional biological diversity;
however, marine dinoflagellate communities have not been represented in biodiversity
assessments. Therefore, this study aims to provide key information about dinoflagellate
diversity and abundances, with special attention to harmful species, during a weak La
Niña event in the Galápagos Marine Reserve (GMR). The study was performed during
March–April 2017 and four transects were conducted at four Islands (Santa Cruz, Santa
Fé, Seymour, and Pinzón) representing the southern region of the GMR. Water net
samples were collected at 2, 5, and 10 nautical miles (nm) from the coast, at a total
of 48 sampling sites. The presence of toxic species, and their cell abundance was
estimated in seven transects at 0, 15, and 30 m of depth. A total of 152 taxa belonging
to 7 orders, 22 families, and 38 genera were registered. The number of taxa found is
almost three times higher than the maximum observed in previous studies. Dinoflagellate
species richness among stations ranged between 53 and 23 taxa and was higher
in northern sites. From the applied cluster analysis, five dinoflagellate assemblages
were identified as a discrete community structure, one was found only in Santa Fé
Island, which is probably related to the presence of the Equatorial Undercurrent (EUC).
Regarding cell abundance estimations, low abundances were registered throughout the
sampling sites and no blooms were detected. Higher abundances were registered in the
northern transects coinciding with one of the most productive areas of the archipelago,
situated north of Santa Cruz. Among the identified taxa, 19 of them were potentially
toxic, including epiphytic species, allowing the possibility of blooms in benthic areas.
This study presents the first record of several dinoflagellate species in the area (both non-
toxic and harmful species) and thus, emphasizing the need for the implementation of
phytoplankton monitoring programs by the government to prevent potential ecological,
sanitary and economic impacts in the GMR.

Keywords: harmful algal blooms, dinoflagellate assemblages, richness, spatial variability, CCA, Generalized
Additive Models, environmental parameters
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INTRODUCTION

Marine microalgae are primary producers and constitute key
components of marine food webs: they fix carbon and produce
nearly 50% of the oxygen on the planet (Field et al., 1998).
Most phytoplankton communities are directly affected by human
activities, especially through the excess inputs of organic matter
and nutrients to the system (Hallegraeff, 2010), usually linked
to high phytoplankton biomass in coastal areas (Davidson et al.,
2014). Moreover, phytoplankton dynamics are affected by climate
change, due to altering environmental conditions such as timing
of large-scale climate events (Boyce et al., 2010) or sustained
warmer temperatures that increase stratification and reduce the
resupply of recycled nutrients to the upper mixed layer (Doney,
2006). Consequently, physiological responses of phytoplankton
species, such as phenology, abundance and calcification rate may
be affected (Poloczanska et al., 2016), leading to a reduction
in ocean productivity (Behrenfeld et al., 2006) and changes in
bloom timing and community structure (Henson et al., 2018).
Thus, the study of phytoplankton communities and its response
to environmental drivers is crucial to gain a better understanding
of the functioning of the marine ecosystem.

Particularly, some species can form toxic proliferations of
cells, thereby causing harm to aquatic ecosystems, including
the resident plants and animals, and substantial economic
losses and disturbances in touristic areas (Berdalet et al., 2015).
These, so called “harmful algal blooms” (HABs), can affect
humans through direct exposure by skin contact or inhalation
of aerosols, or by ingestion of seafood contaminated by toxins
that have bio-accumulated along the food web. Examples of
this are well known, for instance in the digestive tract of
shellfish (mussels, clams, oysters, scallops) or finfishes (Berdalet
et al., 2015). Dinoflagellates are of particular interest among
the harmful phytoplankton species because of their high species
richness, morphological diversity and strategies for adaptation
to thrive in different ecological niches (Smayda and Reynolds,
2003). Most dinoflagellates have cyst-forming stages, which are
in a dormant state until environmental conditions, such as
temperature, salinity, light intensity or turbulence, favor their
growth, resulting in abundant proliferations in a short period
of time (Delwiche, 2007). In addition, there is a high number
of mixotrophic dinoflagellate species, whose predatory behavior
enables them to increase their nutrient uptake, allowing them
to survive under conditions that are unfavorable for strict
autotrophs (Stoecker, 1999). From an ecotoxicological point of
view, dinoflagellates are of vital importance since they show
the highest representation among toxic phytoplankton with
99 species, in contrast with the number of diatom species
(29), Haptophytes (8), Raphidophyceans (4), Dictyochophyceans
(3), Pelagophyceans (2), and Cyanobacteria (35) (Moestrup
et al., 2009; IOC-UNESCO Taxonomic Reference List of
Harmful Microalgae). These features, mentioned above, make
dinoflagellates crucial to marine ecosystems.

Most dinoflagellates’ toxins are neurotoxic, but others
cause specific poisoning syndromes including gastrointestinal
disturbances (diarrhea, nausea, vomiting), muscle paralysis,
or amnesia (Hallegraeff, 2003). The most frequent and

studied syndromes caused by dinoflagellate toxins are
Paralytic Shellfish Poisoning (PSP), caused by Alexandrium
spp., Gymnodinium catenatum, and Pyrodinium bahamense;
Diarrhetic Shellfish Poisoning (DSP) produced by Dinophysis
spp. and Prorocentrum spp. Poisoning syndromes not only come
from planktonic species, but also from benthic species. For
example, Gambierdiscus spp., can cause ciguatera fish poisoning,
a disease with worldwide impact, though mainly in tropical zones
(Parsons et al., 2012), and Ostreopsis cf. ovata blooms that have
been seen to affect human health directly by inhalation of marine
aerosols that cause respiratory irritation (Vila et al., 2016).

Nowadays, there is a big concern about proliferations of toxic
species that may be increasing in frequency, and expanding
their biogeographic distribution under future global warming
scenarios (Hallegraeff, 2010; Glibert et al., 2014; Wells et al.,
2015). Thus, it is important to survey ecological hotspots such
as the Galápagos Marine Reserve (GMR), which is one of the
largest and most biologically diverse marine regions in the world
(Schaeffer et al., 2008; Liu et al., 2014). Its great diversity derives
from the situation of the GMR lying in a complex transition zone
between tropical and subtropical waters and intense equatorial
and local upwelling (Palacios, 2004; Liu et al., 2014). The GMR
area is largely affected by oceanic–atmospheric perturbations
such as the seasonal migration of the Intertropical Convergence
Zone (ITCZ) and the El Niño Southern Ocean Oscillation
(ENSO) (Palacios, 2004; Liu et al., 2014). During the dry season
(July–December), the ITCZ is north of the equator, south trade
winds increase, and sea surface temperature (SST) diminishes.
In turn, in the warm, wet season (December–June), the ITCZ
migrates southward (toward the equator), the northeast trade
winds become prevalent and precipitation and SST increases.
In general, during El Niño events, warmer surface conditions
and the deepening of the thermocline inhibit the upwelling
of cooler, nutrient-rich subsurface waters to the surface. As a
consequence, during an ENSO, distributions of phytoplankton
communities undergo large-scale disruptions and chlorophyll-
a (Chl a) levels diminish (McCulloch, 2011). For example, in
the equatorial Pacific Ocean, during the strong ENSO event in
1997/1998, Chl a reached a very low concentration (Chávez et al.,
1999), which may have influenced higher trophic levels. During
La Niña events, the cool ENSO phase, strong winds and cooling
of ocean temperatures cause an elevation of the thermocline that
increases nutrient supply and phytoplankton productivity along
the equator (Ryan et al., 2002, 2006). In addition, there is some
evidence that climate change may influence ENSO to some extent
(Sachs and Ladd, 2002; Cai et al., 2014), resulting in unpredictable
changes in phytoplankton assemblages and HAB frequencies.

There is little data regarding taxonomic characterization of
phytoplankton assemblages in the coastal area of the Eastern
Tropical Pacific (ETP), thus, the diversity of phytoplankton
species remains poorly described. Regarding HABs, isolated
studies have documented the prevalence of Gymnodinium
catenatum, Akashiwo sanguinea, and Alexandrium spp., among
others (Colombia – Giraldo et al., 2014; Costa Rica – Vargas-
Montero et al., 2008; Calvo-Vargas et al., 2016; South of Mexico –
Maciel-Baltazar, 2015). The Oceanographic Institute of the
Ecuadorian Navy (INOCAR) has conducted sporadic cruises in
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the GMR since 1968. Unfortunately, a reduced number of reports
are available to the public and most are written in Spanish
(Torres and Tapia, 2000, 2002; Torres, 2002; Tapia and Naranjo,
2012; Torres and Andrade, 2014; Naranjo and Tapia, 2015).
Toxic species such as Dinophysis spp., Prorocentrum mexicanum,
and Ostreopsis cf. siamensis have been registered, however, the
number of species indicated within the reports is greater than the
list of taxa supplied, thus, there is an under-representation of the
presence of dinoflagellates in the GMR. Moreover, Torres (2015)
reviewed fish mortality and algae proliferation events from 1968
to 2009 along the Ecuadorian coast and in the GMR, reporting
Prorocentrum gracile in some bays of the GMR, associated with
fish mortalities in 1980.

The absence of a systematic monitoring program leads to a
lack of scientific data to evaluate phytoplankton communities
and the future risk of HABs in the GMR (Kislik et al., 2017).
Considering the unique features of dinoflagellates and their
relevance among HAB species, the aim of this study is to
give insights into the dinoflagellate community of the GMR,
specifically focusing on the island of Santa Cruz and nearby
islands, with special attention to toxic species, during a weak La
Niña phase in the wet season (March–April, 2017).

MATERIALS AND METHODS

Study Area
The GMR is located in the ETP, ∼900 km west from the coast
of Ecuador. The GMR area is influenced by cold and saltier
Equatorial Surface Waters (ESW) with temperature (T) < 25◦C
and salinity (S) > 34, and by the warm and fresher Tropical

Surface Waters (TSW) (T > 25◦C, S < 34) (Fiedler and
Talley, 2006; Sweet et al., 2007). The main currents affecting
the GMR are the westward South Equatorial Current (SEC),
which drives surface waters over the entire region around
the Galápagos (Kessler, 2006; Schaeffer et al., 2008) and the
upwelled waters of the EUC, developing a sub-surface (sub-
thermocline) compensation against the westward SEC (Schaeffer
et al., 2008). The collision of the subsurface iron and nutrient-
carbon rich EUC with the Galápagos platform results in
topographically induced local upwelling areas, which favor an
enhanced production in many areas of the archipelago (Palacios,
2004; Schaeffer et al., 2008; Kislik et al., 2017).

The study took place in the southern area of the GMR
(Figure 1) during the warm – wet season (March–April, 2017)
coinciding with a weak La Niña phase. During this season, the
EUC becomes stronger, shallower, and with higher salinity values
than during the dry season (Sweet et al., 2007). Another source
of nutrients in the GMR is partially attributed to the Island
Mass Effect (IME) where iron provided by continental sediments,
together with topographic upwellings, contribute to an increase
in Chl a concentration (Kislik et al., 2017).

Sample Collection
Sampling was performed in four islands; Pinzón (27th March),
Santa Fé (28th March), Santa Cruz (6th April), and Seymour
(7th April). At each site, four transects were covered (A, B, C,
D) and for each transect, three sampling stations were selected
at 2, 5, and 10 nm from the shore (Figure 1). In every station,
vertical net water samples (30 m) were collected in 200 mL
plastic bottles using a 20 µm mesh plankton net, then samples
were preserved in neutral Lugol’s solution (final concentration

FIGURE 1 | GMR sampling sites: Pinzón, Santa Fé, Santa Cruz, and Seymour Islands. Four transects were performed in each Island at 2, 5, and 10 nm from
the coast.
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of 0.4%). These vertical net samples were used to identify the
presence of dinoflagellates in each sampling site. In addition,
seven transects (Santa Fé A, B; Pinzón D; Seymour A, B; Santa
Cruz A, D) were selected based on the presence of toxic species
found in net samples, for phytoplankton abundance estimation.
To do this, at each sampling station (2, 5, and 10 nm) three
water samples using a Van Dorn bottle were collected at surface,
15 and 30 m depth, then preserved in neutral Lugol’s solution
(final concentration of 0.4%).

Environmental Parameters
Vertical profiles were obtained using an EXO2 Multiparameter
Sonde from Yellow Springs Instrument Company (YSI Inc.)
equipped with sensors for temperature, conductivity, pressure,
dissolved oxygen and pH, by deploying (at each station) from the
surface down to 30 m depth. Only the downcast was selected for
processing the data.

Phytoplankton Identification and
Abundance Estimation
Species identification in vertical net samples was performed from
50 mL aliquots settled for 24 h and observed thoroughly under an
inverted microscope (Nikon Eclipse TE2000-S).

Cell abundance estimation was performed from 50 mL of Van
Dorn water samples settled in Utermöhl chambers (Utermöhl,
1958) during 24 h. Cell counting was performed under an
inverted microscope (Nikon Eclipse TE2000-S), where the entire
bottom of the chamber was examined at 200× magnification.
To enumerate the small and more abundant organisms, one or
two transects were counted at 200× or five/ten fields randomly
chosen at 400× until reaching 100 cells.

The Utermöhl method is widely used, it enables identification
and quantification of phytoplankton samples (Intergovernmental
Oceanographic Commission [IOC], 2010), and it is recommen-
ded for phytoplankton samples with low abundance (Hallegraeff,
2003). The method has been standardized (CEN, 2006) and
it is frequently used in research and monitoring programs for
quantitative phytoplankton analysis (e.g., Reguera et al., 2016;
Wasmund, 2017).

Species identification was based on Steidinger and Jangen
(1997), Hoppenrath et al. (2009, 2014), Omura et al. (2012), and
Lassus et al. (2016). The validity of names of the different taxa was
checked on the World Register of Marine Species (Horton et al.,
2018), the list of toxic species was checked on the Taxonomic
Reference List of Harmful Micro Algae (Moestrup et al., 2009).
Those species identified only at the genus level, but with clear
morphological differences, were listed as sp.1, sp.2, etc.

Data Analysis
Exploratory data analysis (EDA) was conducted to both, envi-
ronmental and biological databases previous to any statistical
analysis. The EDA allowed us to confirm general assum-
ptions of the ‘family’ distribution of the variables (i.e.,
binomial distribution for presence–absence), the presence of
homoscedasticity, the independence of the values (i.e., lack of
spatial autocorrelation) and collinearity (i.e., correlation among

explanatory variables), as suggested by Zuur et al. (2010). Before
fitting regression models all the oceanographic variables which
showed a Pearson correlation coefficient (rho) higher than 0.75
under the collinearity analysis, were dropped from the model
(Supplementary Figure S1).

Dinoflagellate community analysis considered the calculation
of the species richness over the net samples. From an ecological
perspective we looked for discrete groups (clusters) of species
composition over the sampling area. To achieve this, the
Sorensen dissimilarity matrix for presence–absence (binary) data
(Gower and Legendre, 1986) was obtained using the “dist.binary”
function from the ade4 package (Dray and Dufour, 2007).
Then, a hierarchical clustering was performed using the Ward’s
minimum variance method by the use of the “hclust” function
and “method = ward.D2” argument in the stats package (R Core
Team, 2018; version 3.4.4).

In order to evaluate the role of environmental variables
over the community structure of the most common species
observed in net samples (frequency of occurrence higher
than 75%), a canonical correspondence analysis (CCA) (ter
Braak and Verdonschot, 1995) through the “cca” function
of the vegan package (Oksanen et al., 2018) was fitted.
This multivariate constrained ordination technique allows us
to include unimodal relationships inside the correspondence
analysis since the response of species to abiotic variables typically
follows an unimodal response (Greenacre and Primicerio,
2013). To evaluate the significance of the CCA model the
“anova.cca” function (from the vegan package, Oksanen, op.cit)
which performs an ANOVA like permutation test using 999
permutations (Borcard et al., 2018) was used.

From a species-specific perspective, the effects of environ-
mental variables over the presence probability were assessed
for three toxic species present in net samples. Dinophysis
caudata was selected considering the magnitude of the damage
caused by their blooms (Reguera et al., 2014) and the high
occurrence in water samples (see section “Harmful Species”).
Karlodinium spp. was the potentially toxic genus observed in
highest abundances in Van Dorn samples (see section “Harmful
Species”). Finally, considering its benthic origin, Ostreopsis cf.
ovata was studied as well.

Due to the binomial nature of the data in net samples
(presence/absence) the Generalized Additive Logistic Models
(GALoM) were fitted. The implementation of the “GALoM”
models was done using the mgcv package through the “gam”
function and the “family” argument defined as binomial
(Wood, 2017). The model selection followed a backward selec-
tion method, based on the significance of each explanatory
variable and using the Akaike’s Information Criterion
(AIC). This criterion negatively penalizes excess parameters,
preventing from over-parameterization and allows for multi-
model comparison where lower AIC values represent more
parsimonious models.

All the statistical analysis and visualizations were conducted
with the R software (R Core Team, 2018; version 3.4.4) and
supervised by OneMind-DataScience1.

1https://onemind-datascience.com
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RESULTS

Hydrography and Environmental
Variables
The spatial distribution of SST and sea surface salinity
(SSS) (<5 m depth) was practically uniform in the area of
study, with mean SST of 27.7◦C, and with mean SSS of
34.5. The vertical profiles were generally characterized by the
presence of an upper mixed layer with a varying thickness
delimited by a sharp thermocline, halocline and oxycline
(Supplementary Figures S2–S4).

Below the mixed layer, temperature and dissolved
oxygen declined with depth and salinity tended to increase
(Supplementary Figures S2–S4). In this study, a subsurface
salinity maximum was revealed in several profiles at different
depths, showing peaks of salinity maxima (S > 35.5) in Santa Fé
(transect A, B, and D) and Santa Cruz Island (transect, B), while
the higher subsurface salinity value (S = 36.5) was registered
in Santa Fé Island, transect A, 5 nm, at about 13 m depth
(Supplementary Figure S2).

A slight increase in dissolved oxygen concentrations was
observed at depths where such subsurface maximum of salinity
was present (Supplementary Figure S4). The lowest salinity
value (S < 34.0) belongs to Santa Cruz (B, 10 nm from the
coast) at surface (0 m depth). The mean surface pH value was
homogeneous for the study area with values about 7.9. The pH
profiles (Supplementary Figure S5) followed similar trends as
those of temperature and dissolved oxygen, even though showing
higher variability (Supplementary Figure S5).

Dinoflagellate Community
A total of 152 dinoflagellate taxa were identified in net
samples, belonging to 7 orders, 22 families, and 38 genera.
The most diverse genus was Tripos (25 species), followed by
Protoperidinium (22 species), Dinophysis (13 species), Oxytoxum
(9 species), and Phalacroma (7 species) (Supplementary
Table S1). The taxa described as Gonyaulax spp., Scrippsiella
spp. and Heterocapsa spp. were found in all stations, as well as
Gonyaulax spinifera. Only 12 taxa were found in 75% of the
samples, whereas 100 species appeared in 25% of them. Species
with more occurrence were Tripos furca (88%), Tripos muelleri
(79%), Oxytoxum tesselatum (85%), Podolampas bipes (85%), and
Protoperidinium steinii (83%).

Regarding cell abundance estimation from Van Dorn bottles
samples, no blooms were detected but higher abundances were
registered in Seymour Island, especially in transect B (2 nm
surface), with maximum values registered for Heterocapsa spp.
(5,832 cell L−1) and Protoperidinium pellucidum (4,000 cell L−1)
(Supplementary Table S2).

Dinoflagellate species richness varied among stations and
ranged from a maximum of 53 to a minimum of 23 taxa per
station (Figure 2). The lowest number of species was recorded
at Santa Fé Island showing a maximum of 29 and a minimum of
23 taxa per station.

From the community structure analysis, a total of five discrete
community composition groups were found. These assemblages

FIGURE 2 | Spatial (horizontal) distribution of the species richness in the area
of study.

showed a contrasting spatial distribution (Figure 3) with groups
4 and 5 being more representative of the coastal areas of Pinzón,
Santa Cruz, and Seymour.

From the CCA analysis (based in the most frequent species),
the total inertia (i.e., total variance in species distributions) was
0.49, representing the 100% of total inertia in the model. From
this, the total variance explained by the environmental variables
(i.e., constrained inertia) was low (8.4%) even though significant
(F = 1.346, p-value < 0.05). The first two axes explained 7.2%
of the constrained inertia with a total of 4.7% and 2.5% being
explained by the first and second axes, respectively (Figure 4).

All the species represented in the CCA diagram, showed
a homogenous distribution across the environmental variables,
with some exceptions. A negative association with temperature
was found for Protoperidinium conicum, Dinophysis caudata, and
Prorocentrum compressum. In contrast, a positive relationship
with temperature was found for Protoperidinium pellucidum,
Karlodinium spp., and Tripos fusus; even though Karlodinium
spp. and T. fusus are closer to a unimodal response with
temperature (Figure 4). In relation with salinity, the species
that showed a positive relationship were Podolampas bipes,
Ceratocorys horrida, Podolampas palmipes, and Histioneis costata.
However, a negative relationship was found for the following
species: Tripos lineatus, Tripos candelabrum, Cucumeridinium
coeruleum, and Ostreopsis spp. For Ostreopsis spp. this pattern
is consistent with the GALoM model results (next section,
Figure 5). No clear association between the species composition
and pH were found.

Harmful Species
Nineteen potentially harmful taxa were identified in net samples
(Table 1). The most frequent were Gonyaulax spinifera, that was
present in all samples, Phalacroma mitra, which was present in
63% and followed by Dinophysis caudata that was found in 46%
of the samples. Benthic species were also present in the water

Frontiers in Marine Science | www.frontiersin.org 5 May 2019 | Volume 6 | Article 235324

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00235 May 4, 2019 Time: 7:26 # 6

Carnicer et al. Dinoflagellate Assemblage in Galápagos

FIGURE 3 | (A) Hierarchical clustering of stations showing the final dendrogram with the five discrete groups and (B) spatial (horizontal) distribution of the five
discrete dinoflagellates assemblages (clusters) found in the area of study.

FIGURE 4 | Canonical correspondence analysis triplot. Sampling stations shown as colored dots according to each Island. The species present in the community
follows: Dd, Dinophysis doryphora, Kspp, Karlodinium spp., Pconi, Protoperidinium conicum, Ppe, Protoperidinium pellucidum; Dc, Dinophysis caudata; Ospp,
Ostreopsis spp.; Pcu, Protoperidinium curtipes; Tfus, Tripos fusus; Pd, Protoperidinium diabolus; Ps, Podolampas spinifera; Po, Protoperidinium oviforme; Co,
Cucumeridinium coeruleum; Hc, Histioneis costata; Pn, Ptychodiscus noctiluca; Pmit, Phalacroma mitra; As, Akashiwo sanguinea; Pb, Protoperidinium brochii;
Pmin, Protoperidinium minutum; Tc, Tripos candelabrum; Ch, Ceratocorys horrida; Ppa, Podolampas palmipes; Ta, Tripos azaricum; Tl, Tripos lineatus; Tp, Tripos
pentagonum; Tk, Tripos kofoidii; Pcomp, Prorocentrum compressum; Pspp, Pyrophacus spp.; Tm, Tripos muelleri; Ps, Protoperidinium steinii; Ot, Oxytoxum
tesselatum; Pb, Podolampas bipes; Tfur, Tripos furca; Gs, Gonyaulax spinifera; Gspp, Gonyaulax spp.; Sspp, Scrippsiella spp.; Hspp, Heterocapsa spp.
Oceanographic (explanatory) variables are indicated in blue [temperature (◦C), salinity, pH]. The percentage of variability (inertia) explained is indicated on each axis.

column: Ostreopsis cf. ovata (46%), Ostreopsis cf. lenticularis (4%),
Prorocentrum lima (17%), and Coolia spp. (17%) (Table 1).

No HABs were detected in Van Dorn bottle samples. The
highest abundance corresponded to an ichthyotoxic genus,
Karlodinium spp. (3,940 cell L−1) that was registered in

transect A (2 nm, 10 m depth) at Seymour Island. Other
harmful species were recorded in very low abundances (<280 cell
L−1), such as Gonyaulax spinifera, Porocentrum micans, P. lima,
P. cordatum, P. mexicanum, Karenia spp., Karenia papilionacea,
and Alexandrium spp. (Supplementary Table S2).
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FIGURE 5 | Environmental association of (A) Dinophysis caudata, (B) Karlodinium spp., and (C) Ostreopsis spp. to temperature (◦C), salinity and pH (upper, central,
and lower panel, respectively). Central (blue) line represents the fitted GALoM model where the presence/absence probability is modulated for different environmental
variable values, while keeping the rest variables at constant (average) values. Gray (shaded) areas represents the confidence intervals (i.e., uncertainity) associated to
the fitted models.

TABLE 1 | Harmful species found in the water samples.

Harmful specie Syndrome (toxins) % occurrence

Alexandrium spp. PSP (saxitoxin and analogs) 38

Dinophysis caudata Saville-Kent, 1881 DSP (okadaic acid and dinophysistoxins) 46

Dinophysis fortii Pavillard, 1923 6

Dinophysis infundibulum J.Schiller, 1928 6

Phalacroma mitra F.Schütt, 1895 63

Phalacroma rotundatum (Claparéde and Lachmann) Kofoid
and Michener, 1911

25

Prorocentrum lima (Ehrenberg) F.Stein, 1878 17

Prorocentrum mexicanum Osorio-Tafall, 1942 17

Gonyaulax spinifera (Claparède and Lachmann) Diesing, 1866 Currently not associated with human illnesses (yessotoxin and analogs) 100

Lingulodinium polyedra (F.Stein) J.D.Dodge, 1989 8

Prorocentrum reticulatum M.A.Faust, 1997 4

Ostreopsis cf. lenticularis Y.Fukuyo, 1981 Palytoxin associated syndrome (palytoxin; ovatoxin and analogs;
mascarenotoxins; ostreocins)

4

Ostreopsis cf. ovata Y.Fukuyo, 1981 46

Karenia papilionacea A.J. Haywood and K.A. Steidinger, 2004 NSP (brevetoxin and analogs) 2

Karenia spp. 23

Coolia spp. Currently not associated with human illnesses (cooliatoxin) 17

Cochlodinium spp. Ichthyotoxic 2

Karlodinium spp. 44

Prorocentrum cordatum (Ostenfeld) J.D.Dodge, 1975 19

PSP, Paralytic Shellfish Poisoning; DSP, Diarrhetic Shellfish Poisoning; NSP, Neurotoxic Shellfish Poisoning.

For Dinophysis caudata the GALoM model explained 7.94%
of the deviance and the presence probability was significantly
correlated with all the variables, showing a clear negative
association with temperature (χ2 = 106.2, p-value < 0.001)
and a non-lineal positive response with salinity and pH

(χ2 = 60.9, p-value < 0.001 and χ2 = 122.2, p-value < 0.001,
respectively; Figure 5A).

For Karlodinium spp. the model explained 17.3% of the
deviance and the presence probability was significantly correlated
with all the variables. The effects of temperature over presence
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probability showed a unimodal response, with the lower
probability at about 26.5◦C, thereafter the probability started to
increase (χ2 = 238.2, p-value < 0.001). In the case of salinity,
the response showed a negative linear decrease with higher
values of salinity (χ2 = 157.6, p-value < 0.001). The effects
of pH showed a positive non-lineal relationship (χ2 = 192.1,
p-value < 0.001; Figure 5B).

In the case of Ostreopsis cf. ovata the model explained 13%
of the total deviance and the presence probability diminished
significantly with temperature and salinity (χ2 = 103.1,
p-value < 0.001 and χ2 = 183.2, p-value < 0.001, respectively).
Additionally, the presence probability showed a unimodal
response with pH (χ2 = 104.7, p-value < 0.001), with the highest
values found at pH about 7.9 (Figure 5C).

DISCUSSION

Dinoflagellates Assemblages
The number of taxa found in the present study is almost three
times higher than the maximum observed in all the previous
studies (Marshall, 1972; Torres and Tapia, 2000, 2002; Torres,
2002; Tapia and Naranjo, 2012; Torres and Andrade, 2014;
Naranjo and Tapia, 2015), with 102 dinoflagellate taxa detected
for the first time in the GMR. Some of the specimens, in this
study, were only identified to genus level. Identification of
armored dinoflagellates can be improved by the use of fluorescent
stains such as calcofluor, which is an aid to examine the
thecal plate pattern. Another method to improve identification
consists in adding a drop of a diluted (5%) solution of sodium
hypochlorite (bleach) applied to the edge of the coverslip which
can be used for the separation of the dinoflagellate thecal plates
(Tomas, 1997). These methodologies were not applied to the
phytoplankton samples collected in the GMR in the present
study. The use of these methods would probably have contributed
to a deeper taxonomic identification of some of the specimens
resulting in a longer list of species identified.

In addition, this study constitutes the first approach to the
study of dinoflagellate assemblages in the GMR, since former
studies have focused only on identification and estimation of
cell abundance. The study was performed during a precise
temporal sampling period corresponding to the wet season
(March–April) during a weak La Niña event. Further discussion
will be limited to the dinoflagellate community assemblages, its
spatial variability and the response of specific species to the
environmental conditions under this temporal span.

One of the first studies performed in the archipelago was
done by Marshall (1972), covering 25 stations at seven depths
in August 1968, during a moderate El Niño event. A total of 26
dinoflagellate taxa were reported at very low concentrations with
a maximum of 326 cell L−1 in a station located north of Santa
Cruz Island. Similarly, in August 2000, during the dry season and
under the influence of a weak La Niña event, Torres and Tapia
(2002) found 36 species of dinoflagellates during an expedition
in the GMR and reported a high Chl a concentration north of
Santa Cruz Island. This area has been previously defined as one of
the most productive habitats in the GMR (Schaeffer et al., 2008),

probably supported by topographic upwellings of the EUC and
by the island-derived iron enrichment due to the IME (Palacios,
2002). This spatial abundance distribution coincides with the
present study, where not only higher dinoflagellate abundances
were observed in northern sites (North Seymour and Santa
Cruz), but also the dinoflagellate richest stations (up to 53 taxa).
Furthermore, Santa Cruz Island is considerably larger in size
than the other islands. Biogeographically, there can be influenced
differently either by the nutrient discharge or composition,
depending on currents and winds. Those factors should be taken
into account in future investigations in the area to study their
contribution to the dynamics of dinoflagellate communities.

In addition, in Santa Fé Island, which is located of south
of Santa Cruz Island, the lowest dinoflagellate richness was
observed. Moreover, a particular community assemblage (group
1 in Figure 3B), not observed in the rest of islands, was
present in this area. This particular dinoflagellate composition
found at Santa Fé Island could be related with special features
of this area, characterized by the presence of high-salinity
waters likely associated with the cooler, carbon-nutrient rich
EUC (Supplementary Figures S2, S3). Regarding specific
species, Protoperidinium conicum was linked with Santa Fé
sites, being isolated from the rest of the species in the CCA
analysis and related to cold waters (Figure 4). However, further
investigation should be addressed to this area in order to
identify potential species associations to different environmental
conditions, representative of the entire niche occupied by the
species, since the present study includes only one seasonal period
under particular climatic perturbations like the presence of a
weak la Niña event.

Reports performed by the INOCAR highlight consistent
diatom dominance over other groups in phytoplankton
communities in the GMR. Chávez et al. (1996) reported low
phytoplankton biomass in the ETP, where more precisely, open
ocean waters were dominated by small and solitary organisms
such as dinoflagellates, while diatoms were associated with
upwelling and the Equatorial Front. Moreover, during La Niña
in May 2007, McCulloch (2011) reported a dominance of
pelagophytes, haptophytes, euglenophytes, and chrysophytes
relative to Chl a in the phytoplankton community of the
archipelago. Thus, it is probable that these groups were
dominant over dinoflagellates in the present study, which was
conducted during a weak La Niña, explaining in part, the low
dinoflagellates abundances.

There is scientific evidence that ENSO events explain, to a
certain extent, Chl a concentration along the GMR (Kislik et al.,
2017). During La Niña events, a shallower thermocline increases
macronutrients supply (Chávez et al., 1996), however, it has not
been linked with an increase in phytoplankton abundances in
the ETP (Strutton et al., 2008). The study conducted by Kislik
et al. (2017) pointed out that from 2003 to 2016, only one high
Chl a concentration out of six, coincided with a La Niña event
in the GMR. During this period of time, the variability in Chl
a concentration found across the GMR occurred a few months
later than the SST highest anomalies were registered. It is thus
possible that Chl interannual variability could be partly explained
by annual post-ENSO events. As the present study occurred

Frontiers in Marine Science | www.frontiersin.org 8 May 2019 | Volume 6 | Article 235327

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00235 May 4, 2019 Time: 7:26 # 9

Carnicer et al. Dinoflagellate Assemblage in Galápagos

during a weak La Niña event, the low dinoflagellate abundances
registered could be expected based on this statement. In addition,
during the wet season, warmer waters from the Panama Current
flow southward, southeast trade winds weaken, ITCZ migrates to
the south and rainfall increases (Palacios, 2002; Edgar et al., 2004;
Kessler, 2006; McCulloch, 2011; Kislik et al., 2017). Under those
conditions, a low Chl a level has been observed, more pronounced
in the far northern Islands, Darwin and Wolf (Kislik et al., 2017).

Moreover, changes in the composition and distribution of
phytoplankton are not only due to seasonal sub-surface variations
driven by large marine currents, but also due to the influence
of local winds and local currents, different tidal inflows, mixing
and sediment resuspension the long-distance larval transport
capabilities of species, among other factors (Chávez et al., 1990;
Lafabrie et al., 2013; Venrick, 2015; Anabalón et al., 2016; Jacox
et al., 2016; Zhao et al., 2018). This makes the characterization
and evaluation of the phytoplankton distribution a more
complex process.

Harmful Algae
In this study, we registered the highest number of harmful
dinoflagellates ever recorded in the GMR, with a total of 19
species (Table 1). The only other study focused on HABs
in Ecuador reported proliferations of two species of diatoms,
Mesodinium rubrum and Bellerochea malleus in the GMR
(Torres, 2015). In addition, a bloom of Prorocentrum gracile
(reported as P. gracilis) was associated with a fish mortality event
in the archipelago in 1980, however, in the present study, this
species was not observed.

Furthermore, Torres and Andrade (2014) in a study
conducted during the dry season in September 2006, in Aeolián
Bay (Baltra Island, south of Seymour Island), registered harmful
species such as Prorocentrum cf. mexicanum and Ostreopsis
cf. siamensis. The morphological identification of Ostreopsis
species is very difficult since they overlap in size and have
the same tear-drop shape (Penna et al., 2005). In the present
study, identification of O. cf. lenticularis and O. cf. ovata
is supported by molecular phylogeny and SEM images from
epiphytic samples taken during the same period (Carnicer et al.,
in preparation). The presence of benthic species was also reported
in a phylogenetic study on Prorocentrum lima (Nagahama
et al., 2011) which included strains from Santa Cruz Island;
unfortunately, the location was not specified. The present study
also reported three other benthic taxa in the water column, O. cf.
lenticularis, P. lima, and Coolia spp., with the dominant species
being O. cf. ovata (46% occurrence). Their presence may be in
response to blooms that occur on the substrate in the surrounding
areas (Carnicer et al., 2015). However, the knowledge of epiphytic
dinoflagellates assemblages and their blooming behavior along
the GMR is not known.

Blooms of O. cf. ovata occur when a threshold temperature
(25◦C) is achieved during summer in the Mediterranean Sea,
probably linked to cyst germination (Accoroni et al., 2015). In the
Galápagos, the SST variability over the year (Schaeffer et al., 2008)
is similar to temperate areas. During 2017, in Charles Darwin
Research Station located in Academy Bay on Santa Cruz Island,
a difference of 8.2◦C was registered between April (27.3◦C) and
August (19.1◦C). Thus, in the present study, this temperature

variability may have contributed to O. cf. ovata bloom formations
during the warm season. The environmental parameters used
for the calibration of the GALoM model have to be taken with
caution considering the benthic origin of this species. However,
the statistical analysis showed that Ostreopsis spp. has a negative
relationship with both, temperature and salinity. Other studies
have found similar results, for instance those studies conducted
in the Florida Keys and Hawaiian Islands (Parsons et al., 2012
and references therein). Few studies exist about the influence of
pH over Ostreopsis spp. Di Cioccio et al. (2014) through their
study about the possible effects of pH decrease on benthic HABs
pointed out that O. cf. ovata seems to be tolerant to a wide range
of pH values. In the present study, the pH values showed a narrow
variability with the response of Ostreopsis spp. being unimodal
with the highest occurrence probability at a pH about 7.9. Because
the already cited work of Di Cioccio et al. (2014) was carried out
in a much more dynamic scenario with respect to pH [stations
located along marked pH gradients (6.8–8.1)], we can no longer
compare and/or discuss their findings.

In the present study, the first record of Karlodinium spp. in
the GMR is reported. There are at least 12 species described
within the genus Karlodinium (Luo et al., 2018). Some species
have been associated to fish kills: K. armiger (Garcés et al., 2006),
K. australe (Lim et al., 2014), K. conicum (de Salas et al., 2008),
K. corsicum (Paulmier et al., 1995), K. gentienii (Nézan et al.,
2014), and K. veneficum (Place et al., 2012). The water column
stratification has been suggested as the main factor that favors
blooms of Karlodinium species such as K. veneficum (Place et al.,
2012), as well as the abundance of preys (Lin et al., 2018). The
stratification of the water column due to warm conditions and
rising precipitation, a property of wet season, could benefit the
presence of Karlodinium in the GMR area. Relative to the pH
variable, the statistical analysis showed that the probability of
presence of Karlodinium spp. rises with pH > 7.8. A study of a
bloom of K. australe conducted in west Johor Strait, Malaysia,
by Lim et al. (2014) showed that the pH values found during
the period of bloom in the strait was also >7.8. Those authors
theorize the existence of a relation between the outbreak of
K. australe blooms and the influx of nutrients mainly from
anthropogenic activities from nearby areas. Under this scenario,
further studies are required to shed light on the positive response
of Karlodinium spp. to some pH values in order to known if this
response corresponds to anthropogenic or natural forces. The
abundance of Karlodinium spp. detected in the present study
(5 × 104 cell L−1) was low in comparison to the abundances
that can be reached during bloom events in different areas of
the world (Place et al., 2012; Lim et al., 2014). The fact that this
study was conducted during a weak La Niña event could have
contributed to a lower probability of blooms of Karlodinium spp.
due to the stratification conditions being reduced and SST and
precipitation being lower.

Dinophysis caudata is a neritic species associated to
production of DSP toxins (Reguera et al., 2014). In this
study, D. caudata presented a 46% of occurrence (Table 1), being
one of the most common species in the GMR. The presence of
this species was associated with temperate and tropical waters,
as previously cited by Kofoid and Skogsberg (1928). A negative
association with higher pH and temperature values, together with
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the increase in the probability of presence of D. caudata to higher
salinities (Figure 5A), could indicate local upwellings associated
to the presence of D. caudata. The presence of D. caudata in the
ETP is limited to Mexico, where a monitoring program has been
running since the 1990s (Daguer et al., 2018). This species has
been reported in the Gulf of California (Esqueda-Lara et al., 2013)
and in Chiapas (Hernandez-Becerril et al., 2008; Maciel-Baltazar,
2015), but in very low abundances (Reguera et al., 2014). Thus,
its limited distribution and its general low abundances could be
the reason why it was not observed in the quantitative sampling
(Van Dorn bottles).

The evaluation of the dinoflagellates-climate link provides
baseline information to forecast biological responses under future
environmental changes in the oceans (McCulloch, 2011). Hence,
the study of dinoflagellate assemblages presented in this research
constitute an advance in the knowledge about their diversity,
abundance and spatial variability during the wet season in a weak
La Niña event around Santa Cruz Island and nearby islands.
This study provides original information about phytoplankton
communities that will be useful for future work as a reference,
not only to identify follow-up studies on potentially toxic species,
but also to identify possible new species introduced by human
activities and that may contribute to damage of the marine
ecosystems of the GMR (Tian et al., 2017).

CONCLUSION

The dinoflagellate assemblage found in this study represents the
highest diversity observed until now in the GMR, with 152 taxa
identified. However, abundances were low and no blooms were
detected, in agreement with similar abundance ranges previously
reported. This is probably related with the environmental
conditions occurring at the time of sampling (during the wet
season and under a weak La Niña event). Although this work
is from a restricted temporal scale, this study proposed and
demonstrated a systematic data analysis that was able to reveal
discrete dinoflagellate assemblages and among-island variability
of environmental conditions. Moreover, a link between those
assemblages and some particular dinoflagellate species was
established with the environmental conditions prevailing during
the sampling period.

Dinoflagellate species richness found in the north of
Santa Cruz Island, together with higher abundances could be
associated to the IME. A different dinoflagellate assemblage
was distinguished in the surrounding waters of Santa Fé
Island correlated with cooler and high-salinity waters possibly
connected with the EUC.

A long-term monitoring program needs to be set up
following an internationally validated protocol to assure accurate
results considering the high ecological value of the GMR.
Furthermore, the government must invest, both in sophisticated
equipment and taxonomy training, in order to carry out a more
extensive identification up to species level to avoid possible
data misinterpretation.

Because this methodology is mainly focused in the response
of dinoflagellate community (and particular species) to

different environmental conditions, this approach can be easily
extrapolable to different areas. However, this extrapolation
should be taken carefully and must include the whole analytical
procedure, including the spatio-temporal (when available)
variability of environmental conditions and species presence
(or abundance) in the new area, as well as the whole model
calibration and variable selection procedure.

Efforts should also be addressed to the characterization of
potentially toxic strains collected in the region considering the
intra-specific variation among strains with different geographic
origin. A parallel analysis of toxin content from water samples
would further contribute to estimations of the potential HAB
risk in the GMR.
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a color scale (red and blue represents positive and negative Pearson’s correlation
coefficients, respectively). Additionally, the value of each coefficient is given inside
each comparison box.

FIGURE S2 | Vertical profiles for temperature (◦C). The information for each
island and transect is showed in columns and rows, respectively. Station
is color code: blue color for 2 nm, green color for 5 nm, and yellow
color for 10 nm.

FIGURE S3 | Vertical profiles for salinity. The information for each island and
transect is showed in columns and rows, respectively. Station is color code: blue
color for 2 nm, green color for 5 nm, and yellow color for 10 nm.

FIGURE S4 | Vertical profiles for dissolved oxygen (mg L−1). The information
for each island and transect is showed in columns and rows, respectively. Station
is color code: blue color for 2 nm, green color for 5 nm and yellow color
for 10 nm.

FIGURE S5 | Vertical profiles for pH. The information for each island and transect
is showed in columns and rows, respectively. Station is color code: blue color for
2 nm, green color for 5 nm, and yellow color for 10 nm.

TABLE S1 | Presence of dinoflagellate species in net samples.

TABLE S2 | Cell abundance estimation from Van Dorn bottle samples.
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Harmful blooms of the cyanobacterium Nodularia spumigena occur in several parts of
the world, and this species is notorious for its ability to produce cyanotoxins, such as
nodularin. This species is also able to perform akinete differentiation, thus favoring the
success of their populations under adverse conditions. In southern Brazil, N. spumigena
has developed large blooms in experimental shrimp production farms. In this study,
we implemented an experiment to evaluate the influence of salinity and temperature
on several physiological attributes of a Brazilian strain of N. spumigena: cell growth,
nodularin production, the ability to form akinetes and germination potential. A factorial
experiment (3 × 4) was conducted to test the effects of temperature (15, 23, and 30◦C)
and salinity (1, 7, 15, and 30 ppm) on the growth, production of nodularin and the
differentiation of akinetes. The germination potential of the akinetes was tested after
incubation for 30, 60, 90, 120, 180, and 360 days at 4◦C in the dark. N. spumigena grew
under a wide range of salinity and temperatures, but salinity had a greater influence. The
highest cell densities at the temperatures tested were observed at salinity 7 ppm and
the lowest at salinity 1 ppm. The toxin nodularin was produced in all treatments, but
there was an inverse relationship between the content of nodularin per cell and cell
density. The akinetes were also differentiated in all the treatments, with the exception
of S1T30. However, the largest proportion of akinetes (65% of the cells) was observed
in the treatment with low cell growth at salinity 15 and 15◦C, possibly indicating an
effort of the population to survive over the long term. The akinetes germinated in all
treatments, but those cultivated at salinity 7 and 15 ppm (except S15T30) showed
a higher percentage of germination and, in contrast, the lowest germination rate was
observed in the treatments with salinity 1 ppm. Thus, the low salinity (1) at all the
temperatures tested has the potential to inhibit N. spumigena blooms, since it hampers
cell growth and the formation of akinetes.
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Frontiers in Marine Science | www.frontiersin.org 1 June 2019 | Volume 6 | Article 339333

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2019.00339
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2019.00339
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2019.00339&domain=pdf&date_stamp=2019-06-19
https://www.frontiersin.org/articles/10.3389/fmars.2019.00339/full
http://loop.frontiersin.org/people/564280/overview
http://loop.frontiersin.org/people/522052/overview
https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00339 June 17, 2019 Time: 17:31 # 2

Silveira and Odebrecht Effects of Salinity and Temperature on the Nodularia spumigena

INTRODUCTION

The planktonic cyanobacterium Nodularia spumigena Mertens ex
Bornet and Flahault develops important blooms in several areas
in the world (Blackburn et al., 1996; Van Buynder et al., 2001;
Rakko and Seppälä, 2014). The first toxic bloom of N. spumigena
was reported in southern Australia in the lakes that form the
Murray estuary, in particular, Alexandrina Lake (Francis, 1878).
In Brazil, blooms of this species were recently documented for
the first time (Costa et al., 2013), reaching very high abundances
in nursery ponds of the shrimp Penaeus vannamei Boone, 1931,
in which they caused a reduction in the growth and survival
rates. The identification of N. spumigena was confirmed using
molecular methods and ultrastructural analysis (Popin et al.,
2016; Silveira et al., 2017).

Among the common characteristics to the Order Nostocales,
N. spumigena can differentiate its cells in heterocytes (molecular
nitrogen fixation cells) and akinetes (resistance spores)
(Komárek, 2013; Silveira et al., 2017). Both kinds of cells
provide important advantages. Heterocytes favor the growth
of N. spumigena under nitrogen low concentrations, while
the akinetes remain viable for long periods in the sediment
and can germinate in response to changes in environmental
conditions (Hansson, 1993, 1996; Myers et al., 2010). The
germinated akinetes may function as inoculum for the initiation
of a harmful algal bloom and thus, represent an important
mechanism of population propagation (Kim et al., 2005).
In addition, this species can produce the toxin nodularin, a
hepatotoxic cyclic pentapeptide (Rinehart et al., 1988), which
accumulates in the animal liver and can act as a carcinogen
in mammals (Carmichael, 1992; Ohta et al., 1994). Nodularin
also causes the enzymatic inhibition of the eukaryotic proteins
phosphatase 1 and 2A (Honkanen et al., 1991). N. spumigena
can also produce other bioactive compounds, such as spumigins,
aeruginosins, pseudoaeruginosins, and anabaenopeptins
(Mazur-Marzec et al., 2016).

Important environmental factors that govern the distribution
and bloom development of N. spumigena are salinity and
temperature, light quality and intensity, and nutrient
concentration. Salinity is considered to be a controlling
factor of cyanobacteria in general (Kononen, 1992; Lehtimäki
et al., 1994), affecting photosynthesis, the functioning of the
plasma membrane (Singh et al., 2002) and therefore, cell
growth (Moisander et al., 2002). In addition, the cyanobacterial
morphology and life cycle vary in response to fluctuations in
salinity (Iranshahi et al., 2014), as well as the turgor pressure
on the cell (Ladas and Papageorgiou, 2000). It has been
demonstrated that N. spumigena tolerates a large variation in
water salinity (0–35 ppm), but its optimal growth differs between
strains analyzed in the Baltic Sea and lakes and lagoons in
Australia (Blackburn et al., 1996).

It is widely known that the temperature is directly related
to the growth rate of cyanobacteria (Mackey et al., 2013)
and that this relationship varies among species (Reynolds,
1984). The temperature also influences the toxin production of
N. spumigena. It was shown that toxin production was favored
at lower temperatures than cellular growth. Thus, a higher

concentration of the intracellular toxin was observed in cells
grown at 10◦C, while the maximum biomass production was
observed at 20–30◦C (Hobson and Fallowfield, 2003). Nodularia
strains isolated in Brazilian shrimp ponds were tested for their
growth and toxin production under controlled conditions of
salinity (7 ppm) and temperature (23◦C) (Silveira et al., 2017).
However, the optimal environmental conditions for the Brazilian
strain and how they compare to strains from other sites in the
world are not yet known. Phylogenetic analyses based on its 16S
rRNA gene indicated that the Brazilian strain is closely related
to the strains from Australia (Popin, 2017; Silveira et al., 2017).
Alternatively, based on the analysis of genome, 31 proteins of
this same Brazilian strain were grouped with the Baltic Sea strain
(Popin, 2017). Currently, there is a lack of accessible data on the
NCBI GenBank with only one Baltic Sea N. spumigena strain
available for comparison, and thus, it is important to provide
information on the strains from other geographical regions.

It is known that salinity and temperature influence the
growth of N. spumigena. However, different strains respond
differently to environmental variables. In this study, the effects
of salinity and temperature on the growth, production of the
nodularin toxin, and akinete differentiation were evaluated, as
well as the germination potential of a strain of N. spumigena
isolated from a shrimp production pond in southern Brazil.
The results of this study will improve the understanding of the
physiology and management of recurrent N. spumigena blooms
in the environment and in aquaculture ponds, in which they
cause great damage.

MATERIALS AND METHODS

Species Isolation and Stock Culture
Water samples containing Nodularia trichomes were collected on
December 5, 2013 in production ponds of the marine shrimp
P. vannamei at the Marine Aquaculture Station (EMA) of the
Federal University of Rio Grande-FURG, Brazil. The isolated
trichome gave rise to the NODSPU1 strain, which was identified
as N. spumigena (Silveira et al., 2017). The strain was cultivated
in f/2 medium (Guillard, 1975) at salinity 7 ppm in incubators
with a light cycle control (12:12 h light-dark), at 80 µmol m−2

s−1 of light intensity supplied by white light fluorescent lamps
(OSRAM, 20 W) and constant temperature (23 ± 1◦C). The
culture temperature and salinity values corresponded to those
registered in the ponds on the sampling day.

Acclimation and Experimental Design
The conditions were gradually modified for the acclimation
process every 7 days using the stock culture as the starting point.
The cultures were acclimated at the test temperatures (15, 23,
and 30◦C) and salinities (1, 7, 15, and 30 ppm) through at least
three transfers.

A factorial experiment (3 × 4) was conducted to
concomitantly test the effect of temperature and salinity on
the growth of N. spumigena using the f/2 medium and a light
intensity of 80 µmol m−2 s−1. Cultures for the experiments
(three replicates) were maintained in incubators with a light cycle
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control (12:12 h light: dark) provided by white light fluorescent
lamps (OSRAM, 20 W). The light intensity in the incubators
was measured using a LI-COR (LI-1400) spherical sensor. All
the cultures were prepared in 500 ml of f/2 culture medium. To
standardize the initial cell concentration, the volume of inoculum
added corresponded to an optical density of 0.008 determined
at absorbance 680 nm in a spectrophotometer (Varian Cary 1E)
(Ma et al., 2006). The experiment lasted 40 days.

Cell Density, Growth, and Cyanotoxin
Production
The growth was determined daily during the first four culture
days based on the cell density, optical density and chlorophyll-
a (Chla) content and subsequently every 48 and 72 h until
the end of the experiments. The Chla content was determined
in culture samples (5–10 mL) by retaining cells in glass fiber
filters (Whatman GF/F, 25 mm) using a vacuum pump. The
filters were stored in darkened flasks and kept in absolute
methanol for 24 h in a freezer. The Chla concentration
(µg L−1) was determined by measuring the absorbance at
665 and 750 nm as described by Mackinney (1941). Mean
concentration of chlorophyll-a per cell (pg cell−1) at the start,
middle and end of growth curves was performed by dividing
the value of chlorophyll-a by cell density. At the end of the
logarithmic growth phase, the biomass was also determined
using the dry weight (DW) and ash-free dry weight (AFDW) as
described by Zhu and Lee (1997).

The correlation between cell density and optical density was
higher (r = 0.93) compared to the correlation between cell
density and Chla concentration (r = 0.84) and between Chla
concentration and optical density (r = 0.87), but all correlations
were significant (Pearson correlation, Figure 1). We presented
the growth curves based solely on cell density for clarity.
The growth rate (µ) was calculated as the slope of the linear
regression between the time and cell density (Ln scale) during the
exponential phase (Wood et al., 2005).

The density of the trichomes, vegetative cells and akinetes
were estimated in samples fixed with acetic Lugol’s solution
in Sedgewick Rafter chambers using an inverted microscope
(Olympus IX51; 200×). To estimate the number of vegetative
cells per trichome, the total size of each trichome was measured,
discounting the average size of the heterocysts and akinetes
present, and divided by the average size of the vegetative cells.
The counting error was maintained at a maximum of 20% and

verified by estimating the coefficient of variation between the
fields counted. The size of the vegetative cells (n = 50) and the
akinetes (n = 30) were determined using an inverted microscope
(Olympus IX71; 400×), and the cell volume was calculated
assuming the geometric shape of a cylinder (Sun and Liu, 2003).

The toxin concentration was determined at each experimental
treatment at the beginning of the stationary phase using an
immunoassay ELISA plate kit for nodularin (Beacon Analytical
Systems, Inc.). The concentration of nodularin (µg L−1)
was determined using the absorbance (450 nm) in a plate
photometer (Quick ELISA Drake Instruments) as described by
the manufacturer.

Akinete Isolation
Cultures of N. spumigena were maintained until the
stationary/decline phase in salinity 15 ppm and temperature
15◦C (S15T15). This condition was shown to favor the akinete
differentiation as described above. The akinetes produced were
separated from the vegetative cells as described by Sukenik et al.
(2007). Cultures of N. spumigena with akinetes were harvested
by suction, suspended and washed in Tris buffer (3×; 50 mM,
pH 7.5, containing 10 mM EDTA and 1 mM Mg Cl2). The
biomass was washed in EDTA-free Tris buffer (50 mM pH 7.5,
1 mM MgCl2) containing 5 mg/mL lysozyme, incubated (2 h,
37 ± 1◦C) and centrifuged (3 min, 2000 rpm). The pellet was
washed three times with EDTA-free Tris buffer to remove the
cell debris, sonicated (3×, 10 s, 30 kHz), and the sample was
examined under an optical microscope to confirm the separation
of the akinetes. The material was centrifuged (10 min, 3000 rpm),
and the pellet was suspended in ultrapure water and stored in a
refrigerator (4◦C) in the dark (Myers et al., 2010).

Germination tests were performed after incubation of the
akinetes at 30, 60, 90, 120, 180, and 360 days maintained in the
dark, salinity 15 and temperature 15◦C.

Germination Tests
After incubation in the dark for different time periods, 100
akinetes for each treatment (in triplicate) were inoculated
in 2.5 mL f/2 culture medium in cell culture plates under
the microscope and maintained in incubators (light intensity
80 µmol m−2 s−1). The effects of both temperature (15, 23 and
30◦C) and salinity (1, 7, 15, and 30 ppm) were tested on the
germination potential of the akinetes. The akinetes were exposed
to the experimental conditions for 72 and 192 h, and the number

FIGURE 1 | Correlation of Pearson between cell density, optical density, and Chla concentration.
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FIGURE 2 | Mean values of cell density (±SD; n = 3) of N. spumigena (NODSPU1) observed along the time in the factorial experiment, which analyzed the influence
of temperature (T15, T23, T30◦C) and salinity S1 (A), S7 (B), S15 (C), and S30 (D). Significant difference between treatments is indicated by letters (ANOVA, Tukey’s
p < 0.05).

of germinated akinetes was determined in the cell culture plates
using an optical microscope (200×).

Statistical Analysis
To determine the cell density differences between treatments,
a two-way ANOVA was applied and the Tukey’s a posteriori
test to specify the differences at 95% significance level (Zar,
2010). The data of the percentage of akinetes, cell volume, DW
and AFDW, Chla L−1, Chla cell−1, toxin concentration and
akinete germination were analyzed using a one-way ANOVA
and Tukey’s a posteriori test to specify the differences at 95%
significance level. All data were tested for their normality and
homoscedasticity (Cochran C., Hartley e Bartlett). The cell
density, akinete percentage, cell volume of the vegetative cells and
Chla cell−1 were transformed using logarithmic transformations
and the square root for the cell volume of the akinetes to ensure
normal distributions.

RESULTS

Cell Density and Growth
The comparison between the N. spumigena growth curves shows
that both the time to reach the maximum cell density and
the maximum values differed among the treatments (Figure 2;

ANOVA p < 0.001, F 435.3; Supplementary Table 1). The
highest value (1.9 × 106 cells mL−1) was recorded at the
highest values of salinity and temperature (S30T30) (Figure 2D),
followed by treatments with salinity 7 ppm at the three
temperature values (S7T30, S7T15, S7T23) (Figure 2B). At
the lowest salinity level (S1) (Figure 2A), the cultures showed
practically no growth and either collapsed within a week (S1T30)
or remained at low density for approximately 1 month (S1T23,
S1T15). At salinity 15 ppm (Figure 2C), the cultures persisted for
approximately 1 month at low density (S15T15, S15T23) or died
within 2 weeks (S15T30). The growth rates (µ) varied between
0.2 (S1T23) and 0.4 d−1 (S7T30, S30T30).

As expected, the number of trichomes also increased over
time in all the treatments, except in those treatments that
rapidly died (S1T30; S15T30; Figure 3). The number of cells per
trichome remained relatively constant or decreased, indicating
that the trichome length was reduced over time with some
variation among treatments and with time. The treatment
with high salinity and temperature (S30T30), which presented
the largest cell number (Figure 2) also presented the longest
trichomes at the end of the experiment with 140 cells per
trichome (Figure 4).

The percentage of akinetes in relation to the number of
cells (0.01–65.2%) increased over time, particularly in the
S15T15 treatment but also in S7T15, S30T15 and S30T23. Other
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FIGURE 3 | Trichome density (±SD; n = 3) of N. spumigena (NODSPU1) observed along the time in the factorial experiment, which analyzed the influence of
temperature (T15, T23, T30◦C) and salinity S1 (A), S7 (B), S15 (C), and S30 (D). Significant difference between treatments is indicated by letters (ANOVA, Tukey’s
p < 0.05).

treatments showed low percentages of akinetes (<5%), except for
S1T30, in which no akinetes were observed (Figure 5).

Biomass
The biomass values determined by both the DW and AFDW
(Figure 6A) and the Chla content (Figure 6B) were generally
consistent with the cell density results. All were higher in the
treatments with salinity 7 and lower in salinity 1. However, the
S30T30 treatment, which demonstrated the highest cell density
and largest trichomes, did not correspond to the largest DW,
AFDW and Chla. The lowest values of DW, AFDW and Chla
were observed in high temperature treatments at salinity 1 and
15 ppm (S1T30; S15T30) in treatments in which no growth was
observed. In these treatments, the Chla cell−1 (Figure 7A) was
higher at the end of the experiment, as opposed to the general
decreasing trend from the beginning to the end of the experiment.

The mean volume of the vegetative cells (116–342 µm3)
and akinetes (520–1054 µm3) varied without a clear pattern
(Figure 7B). However, it is noteworthy that the size of vegetative
cells in the salinity 30 ppm treatment decreased with increasing
temperature, being largest at 15◦C. This trend was inverse to
the cell density, as smallest vegetative cells at temperature 30◦C
coincided with highest cell density (Figure 2). The mean volume
of the akinetes was approximately three times larger than that of
the vegetative cells and, unlike these, the largest akinetes were

observed in treatments with low cell numbers (S1T23, S15T15).
The smallest akinetes were observed in the high salinity and
temperature treatment (S30T30) (Figure 7B).

Toxin Concentration
All the cultures of N. spumigena produced the nodularin toxin
at the beginning of the stationary phase, ranging between 1.3 µg
L−1 (S1T30) and 6.0 µg L−1 (S7T23) (Figure 8A). High values
were observed in salinity 7 ppm (S7T15, S7T23, S7T30) associated
with large cell density but also in treatments with low cell density
and low salinity (S1T15, S1T23) and intermediate (S15T15). The
toxin concentration per cell (2.8 × 10−9 to 3.4 × 10−7 pg cell−1)
(Figure 8B) was generally lower in the treatments of salinity 7
and 30 ppm, i.e., in the treatments with higher cell density. The
highest values of toxin per cell were observed at salinity 1 and
15 ppm, particularly in S1T30 (3.4 × 10−7 pg cell−1) and S15T30
(2.0 × 10−7 pg cell−1), i.e., in the treatments with low cell density.

Akinete Germination
After incubation in the dark for 30, 60, 90, 120, 180, and 360 days,
akinetes exposed to light at the respective treatments germinated
in a relatively high percentage (8–53%) in all the treatments
(Figure 9). The same germination pattern was observed among
the treatments in all the tests. The lowest percentage of
germination was always observed in the treatments of salinity
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FIGURE 4 | Cell number per trichome (±SD; n = 3) of N. spumigena (NODSPU1) observed along the time in the factorial experiment, which analyzed the influence of
temperature (T15, T23, T30◦C) and salinity S1 (A), S7 (B), S15 (C), and S30 (D).

1 ppm, particularly in S1T30 with the lowest germination rate.
The highest germination rate was observed in treatments with
salinity 7 and 15 ppm (S7T15; S7T23; S7T30; S15T15; S15T23),
with the exception of S15T30. These differences between the
treatments became more significant after 120 days of akinete
incubation in the dark when the germination rate was the highest.
The time of exposure to light (72 or 192 h) after the dark
incubation did not appear to influence the germination rate.

DISCUSSION

Cell Density, Growth, and Biomass
In our study, the highest cell densities of N. spumigena were
observed in the treatments with salinity 7 and 30 ppm that
demonstrated a relatively high (µ = 0.3–0.4 d−1) growth rate.
In the former treatment (S7), the growth persisted for a longer
period in the three test temperatures. Thus, it can be considered
that this condition was more favorable for the development of
N. spumigena. The cell growth in salinity 1 ppm was negligible
and was different than the results obtained with two strains
from the Baltic Sea that demonstrated a similar growth rate
over a wide range of salinity (0–20, Moisander et al., 2002).
Alternatively, studies conducted with other N. spumigena strains
isolated from the Baltic Sea did not tolerate salinity values lower
than 2 ppm, and the highest growth rate (µ = 0.15–0.20 d−1)

was observed in salinity 8–10 ppm under conditions similar
to those in our experiment (Mohlin and Wulff, 2009; Rakko
and Seppälä, 2014). A strain (001E) from Australia showed a
maximum rate of photosynthesis in salinity 6.6 ppm (Hobson
and Fallowfield, 2001). Mazur-Marzec et al. (2005) observed a
substantial difference when comparing strains from the Baltic
Sea and Australia: while the Australian strain (NSPI-05) showed
similar growth in treatments exposed to a wide range of salinity
(3–35 ppm) with a slight inhibition in salinity 0 ppm, the Baltic
Sea strain (NSGG-1), showed higher growth (µ = 0.11 d−1) in
salinity 7 ppm, and negligible growth (µ = 0.05 d−1) in zero
salinity. Thus, the physiology of the different Nodularia strains
is complex, since strains isolated in different regions in the same
country present different physiological responses. In our study,
the 15 ppm salinity treatments, independently of temperature
(S15T15; S15T23; S15T30), demonstrated very low growth unlike
the salinity 7 and 30 ppm treatments (see Figure 2). We repeated
the test with the S15 treatment (data not shown), and the same
pattern was obtained. To understand this question it would
be important to study the biochemical mechanisms that affect
growth under the influence of differing salinities. Salinity affects
the osmotic equilibrium and concentration of inorganic ions
responsible for optimal cell function and growth (Teikari et al.,
2018). Photosynthetic activity and cell division can be stopped
with salinity changes (Moisander et al., 2002), but it is clear
that the strains obtained in different environments, and even
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FIGURE 5 | Percentage of akinete per cell (±SD; n = 3) of N. spumigena (NODSPU1) observed along the time in the factorial experiment, which analyzed the
influence of temperature (T15, T23, T30◦C) and salinity S1 (A), S7 (B), S15 (C), and S30 (D). Significant difference between treatments is indicated by letters
(ANOVA, Tukey’s p < 0.05).

FIGURE 6 | Total biomass dry weight (DW), ash free dry weight (AFDW) (A), and mean concentration of chlorophyll-a (B) of N. spumigena (NODSPU1) (±SD; n = 3).
Significant difference between treatments is indicated by letters (ANOVA, Tukey’s p < 0.05). Lower case for DW and upper case for AFDW.

from the same one, do not always show a similar response to
variations in salinity.

Our experiment on the effect of temperature showed that
the Brazilian N. spumigena strain isolated grows equally
well in the range tested (15–30◦C) with differences related
to its interactions with salinity. Studies conducted in the
Baltic Sea (Pliński et al., 2007) and Lake Alexandrina, Australia

(Hobson and Fallowfield, 2003) showed that temperature was
more important and that values above 20◦C favored bloom
development, which did not happen in our study. Our
experiments on growth indicated that the number of cells per
trichome of N. spumigena generally decreased, particularly in
the treatments that reached higher cell density. The shorter
trichomes may have resulted from reproduction by hormogonia,
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FIGURE 7 | Mean concentration of chlorophyll-a per cell (pg cell−1) at the start, middle, and end of growth curves (A), and (B) mean cell volume of the vegetative
cells (VC) and akinetes (AK) of N. spumigena (NODSPU1) (±SD; n = 3). Significant difference is indicated by letter (ANOVA, Tukey’s p < 0.05). Lower case for VC and
upper case for AK.

FIGURE 8 | Mean concentration (±SD; n = 3) of intracellular nodularin (µg l−1) (A) and toxin content per cell (pg cell−1) (B) at the beginning of the stationary phase
of the growth curves for different treatments. Significant differences are indicated by letters (ANOVA, Tukey’s p < 0.05).

or even by stress, as reported for Raphidiopsis brookii (Yunes
et al., 2009). On exception was the high salinity and temperature
treatment (S30T30) with the highest cell density of low density of
longer trichomes.

Under adverse conditions in the environment, akinetes are
responsible for the viability of the populations in the long term.
In our experiment, the differentiation of the akinetes markedly
increased in the treatments with a lower temperature (15◦C),
particularly at S15T15 in which 65% of the cells were akinetes,
followed by S30T15 and S7T15. In S1T30, the culture did not
grow well, and in the other low salinity (S1) treatments, only
a few akinetes were observed (<3%). In fact, Li et al. (1997)
reported that the differentiation of the akinetes in Anabaena
spp. is also triggered at low temperatures. It is interesting to
note that the volume of the akinetes tended to be smaller at a
higher temperature (30◦C) (see Figure 7B), indicating that low
temperatures favor the formation not only of a large number
of akinetes but also of a larger size. Salinity apparently did not
influence the akinete differentiation or size, as was also found
by Myers et al. (2011). However, Jones et al. (1994) reported

more akinetes with increased salinity, and Mazur-Marzec et al.
(2005) observed a large number of akinetes in high salinity
and a reduction at zero salinity. It is likely that the interaction
between temperature and salinity, and possibly other factors, are
important in the control of akinete differentiation.

The distinct biomass measurements presented significant
differences. For example, the S30T30 treatment with the highest
cell density, presented low DW and AFDW, possibly due to the
observed relatively low number of small akinetes (<5%). The
high density of vegetative cells in this treatment was also not
associated with Chla, which was highest in the salinity 7 ppm
treatments. In the latter, highest Chla in the S7T23 did not
correspond with density, which was highest in S7T30 and lowest
in S7T23. These differences may be associated with the amount of
Chla per cell, indicating a strong reduction compatible with cell
growth over time, except for two treatments with minimal growth
in high temperature (S1T30; S15T30). Given the constraints
described above, and the best correlation obtained between
optical density and cell density (Figure 1), we suggest using
the optical density measurements for estimating the biomass of
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FIGURE 9 | Mean percentage (±SD; n = 3) of akinetes germination of N. spumigena (NODSPU1) after 72 and 192 h of exposure to different treatments. Significant
differences are indicated by letters. Previous to the germination experiment, dark incubation lasted for 30 (A), 60 (B), 90 (C), 120 (D), 180 (E), and 360 (F) days.
Significant differences for each germination test are indicated by letters (ANOVA, Tukey’s p < 0.05).

N. spumigena, instead of DW or AFDW. Chla measurements
should be analyzed in conjunction with the cell density and cell
size, as the latter presents a general pattern of reduction over time
(Mohlin and Wulff, 2009).

Nodularin Production
Three N. spumigena strains isolated from the same shrimp ponds
in southern Brazil were shown to produce nodularin (Silveira
et al., 2017). It was also shown that one of the strains contains the
genes to produce other bioactive compounds, such as spumigin
and anabaenopeptin (Popin et al., 2016). The concentration of

nodularin recorded in the stationary phase of our experiment
(1.3–6.0 µg L−1) was relatively low, considering that values of
0.8–220 µg L−1 (Heresztyn and Nicholson, 1997; McGregor
et al., 2012) and greater than 15,000 µg L−1 (Mazur and
Pliński, 2003) had previously been found in the environment.
It must be noted that the ELISA method used in our study
does not detect the nodularin variants, such as NOD-R and
[D-Asp’] NOD, which can be produced by our strain (Popin,
2017). Thus, the nodularin concentration found in this study
is possibly underestimated. However, even low concentrations
of nodularin potentially cause environmental problems, such as
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animal mortality, contamination of seafood, degradation of water
quality (Van Buynder et al., 2001), a reduction in the production
rate of copepod eggs (Karjalainen, 2005) and lower fish growth
(Pääkkönen et al., 2008). In Southern Brazil, shrimp survival
and growth were negatively affected in ponds with N. spumigena
blooms (Costa et al., 2013).

In the present study, toxin production was not related
to temperature or salinity but to cell density (see Figure 8),
and the highest (underestimated) values (2.0–3.4 × 10−7

pg cell−1) were observed in the salinity treatments 15 and
1 ppm, in which cell growth was reduced. In contrast,
low values of nodularin (3.5–7.3 × 10−9 pg cell−1) were
recorded in salinity treatments 30 and 7 ppm with higher
cell density. This type of relationship could be associated
with cellular metabolism, which during the exponential
phase is directed to cell growth, while there would be a
deviation to toxin production during low growth conditions
(Sivonen, 1996; Orr and Jones, 1998). However, Repka et al.
(2001) suggested that toxin production would be positively
related to cell division, and Hobson and Fallowfield (2003)
observed higher production of nodularin at low temperature,
indicating that the results cannot be easily generalized to other
strains or conditions.

Akinete Germination
The recruitment of resistant cells from the sediment could be a
key factor for the success of a species in the plankton community
(Hansson, 1996). Knowledge of the conditions that favor
akinete germination helps to predict cyanobacterial blooming
events and represents an important step in management
processes. In our study, the akinetes of N. spumigena
germinated in all the treatments tested. However, the highest
percentage of germination was observed in the treatments
with salinity 7 and 15 ppm, in contrast to the lowest in
low salinity, especially at a higher temperature (S1T30).
A higher germination at salinity values between 5 and 15 ppm
was also found in a strain isolated from Australia (Myers
et al., 2010). In general, the effect of temperature influenced
the akinete germination less than salinity in spite of the
slight decrease in germination at high temperature (30◦C).
Huber (1985) observed that the influence of temperature
on akinete germination varies depending on the species
with N. spumigena demonstrating a high germination rate
between 15 and 25◦C. The population with the greatest
potential recruitment success that was observed from the
akinetes in salinity 7 matches our results of cellular growth.
However, in salinity 15, high akinete germination coinciding
with low cell density indicates that even without significant
growth, the akinetes could potentially initiate the development
of a population.

An examination of the storage time of the akinetes indicated
that germination tended to increase with a longer storage period
(see Figure 9), as has been observed for both N. spumigena
(Myers et al., 2010) and Anabaena circinalis (Baker and
Bellifemine, 2000). The longer storage period resulting in
higher germination may be related to the maturation period of
the akinetes (Karlsson-Elfgren et al., 2004). Yamamoto (1975)

showed that the akinetes of a strain of Anabaena cylindrica
survived for 5 years in a dark and dry environment.

CONCLUSION

The cyanobacterium N. spumigena isolated from shrimp ponds
in southern Brazil grows under a wide range of salinity and
temperature values, but responded more strongly to salinity. The
highest cell densities at the temperatures tested were observed
at salinity 7 ppm and the lowest at salinity 1 ppm. The toxin
nodularin was produced in all the treatments, demonstrating
an inverse relationship between the content of nodularin per
cell and cell density. The akinetes were also differentiated in
all the treatments, with the exception of S1T30. The largest
proportion (65% of cells) occurred in the treatment S15T15 with
low cell growth, possibly indicating an effort of the population
to survive in the long term. The akinetes also germinated in
all the treatments, particularly those cultivated at salinity 7 and
15 ppm with a higher germination percentage (except S15T30). In
contrast, the lowest germination was observed in the treatments
with salinity 1 ppm. Thus, the low salinity (1 ppm) at all
temperatures tested has the potential to inhibit N. spumigena
blooms, since it hampers cell growth and the differentiation
and germination of the akinetes. These results could be useful
to manage aquaculture nurseries and production ponds, in
which the presence and persistence of N. spumigena has been a
serious problem.
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The marine dinoflagellate Margalefidinium polykrikoides is a harmful species that has
affected aquaculture, fisheries and tourism activities. It produces reactive oxygen
species (ROS) as well as hemolytic and neurotoxic-like substances that have been
associated with mass mortalities of marine organisms. It has a tropical and subtropical
distribution that has mainly affected Asia and North America. The economic impacts for
aquaculture industries have been estimated to be up to US$140M. In Latin America, no
economic estimates have been performed. Harmful algal blooms by M. polykrikoides
are more frequent in Mexico and Central America. Proliferations of this dinoflagellate
are associated with winds, upwelling, convergence areas, local convection of seawater,
and eutrophication of coastal areas by nitrogen and phosphorus compounds from
rainwater runoff, as well as agricultural and aquaculture activities, into coastal waters.
Eco-physiological and toxicological studies have provided detailed descriptions of the
growth of algal strains from these regions and the harmful effects on fish and shrimp, as
well as the role the production of ROS and polyunsaturated fatty acids in their toxicity. It
is also possible that M. polykrikoides has an ecological role in the regulation of blooms of
other harmful algae. In this contribution, we review the records of harmful algal blooms
of M. polykrikoides in Latin America and the research that has been conducted with
this species.

Keywords: dinoflagellates, Margalefidinium polykrikoides, Cochlodinium polykrikoides, HAB, Latin America

INTRODUCTION

Global Harmful Algal Blooms of M. polykrikoides
Margalefidinium polykrikoides (=Cochlodinium polykrikoides) is a photosynthetic and mixotrophic
marine dinoflagellate that forms cysts. It forms harmful algal blooms (HABs), causing economic
losses in fish farming areas (US$140M in world wide; Dorantes-Aranda, 2012) mainly in Asia
(Kim, 1998; Kim et al., 1999; Zhong and Gobler, 2009). M. polykrikoides was first identified in
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Phosphorescent Bay, Puerto Rico by Margalef (1961), and
since then Margalefidinium blooms have been reported across
Asia, Europe and North America. In the last three decades,
Margalefidinium HABs have impacted coastal regions of
Australia, Canada, China, Croatia, India, Iran, Italy, Japan, Korea,
Malaysia, Oman, Philippines, Russia, Saudi Arabia, United
Arab Emirates, and the United States (Kudela and Gobler,
2012). The largest bloom recorded occurred in the Arabian
Gulf from August to October 2008 affecting 1,200 km of
coastline, killing wild, and farmed fish as well as damaging
coral reefs (Richlen et al., 2010). A wide variety of harmful
substances have been reported for this species (Figure 1),
including reactive oxygen species (ROS) (superoxide anion,
hydrogen peroxide, hydroxyl radical), hemolytic and neurotoxic-
like substances, hemagglutinins, and free polyunsaturated fatty
acids (Onoue and Nozawa, 1989; Hallegraeff, 1992; Lee, 1996;
Landsberg, 2002; Jeong et al., 2004; Dorantes-Aranda et al.,
2009, 2010). The genus Cochlodinium was established in the late
nineteenth century with the identification of C. strangulatum
(Schütt, 1895), and the first record of this genus in the
Gulf of California occurred in 1942 (Osorio-Tafall, 1943).
Recently, C. polykrikoides was re-assigned to the new genus
Margalefidinium and renamed as M. polykrikoides (Gómez et al.,
2017). In North America, HABs of M. polykrikoides have been
observed in Canada and the US with impacts on fish and
shellfish industries (Whyte et al., 2001; Gobler et al., 2008,
2012; Tomas and Smayda, 2008; Mulholland et al., 2009; Zhong
and Gobler, 2009; Griffith et al., 2019). The damage by a
M. polykrikoides bloom in Canada was estimated in a loss
of US$2M in 1999 (Whyte et al., 2001). In Latin America
(LA) there are no estimates of the economic losses caused by
this dinoflagellate. The purpose of this work is to review the
HABs of M. polykrikoides and the impacts they have caused
in LA by country.

MEXICO

Gulf of California
M. polykrikoides was first observed in Bahía de Mazatlán, Sinaloa,
in spring of 1979 proliferating together with Gymnodinium
catenatum. It was suggested that M. polykrikoides HABs are
commonly formed in Bahía de Mazatlán during winter and
early spring coinciding with the upwelling of cold waters in the
region (Morey-Gaines, 1982; Cortés-Altamirano, 1987). From
September to October 2000, M. polykrikoides was present during
22 days causing a notable odor and fish mortalities (Cortés-
Altamirano and Gómez-Aguirre, 2001; Cortés-Altamirano et al.,
2002; Table 1). Fish kills were also reported in 2003 and 2012
(Cortés-Altamirano et al., 2019). A record of HABs in Bahía
de Mazatlán between 1979 and 2014 by Cortés-Altamirano
et al. (2019) revealed that this species forms blooms during
summer and fall when El Niño exerts its inhibitory effect. This
dinoflagellate has also been reported forming blooms in shrimp
farming ponds and coastal lagoons of Sinaloa with adverse
effects such has fish, oysters and octopus mortality, as well as
skin hyperpigmentation in swimmers (Alonso-Rodríguez et al.,

2004, 2008). Despite the occurrence of mortalities, the economic
impacts of these blooms have not been determined.

An outbreak of this dinoflagellate was reported for the first
time in Bahía de La Paz, in the southern part of the Gulf of
California, in September 2000 (Gárate-Lizárraga et al., 2000).
Chlorophyll a concentrations ranged from 2.7 to 56.8 mg L−1.
Gárate-Lizárraga et al. (2004) described another bloom in this
bay in November 2000. The bloom emerged after 2 days of
heavy rain and wind coinciding with an increase in nutrient
concentrations (Table 1). Another bloom occurred in September-
November 2001, which extended outside the bay probably a
result of Hurricane Juliette; mortalities of 166 fish (76 adults
and 90 sub-adults fish) were observed in ponds, including
the species Lutjanus peru (n = 102), Pomadasys macracanthus
(n = 60), and L. argentiventris (n = 4), with abundant cells of
M. polykrikoides observed in the gills (Núñez-Vázquez et al., 2003;
Gárate-Lizárraga et al., 2004; Figure 2). Muciño-Márquez (2010)
also reported M. polykrikoides near tuna pens in Bahía de la Paz
in September 2006, however, no adverse effects were reported.

López-Cortés et al. (2014) followed the development of a
bloom of M. polykrikoides in Bahía de La Paz from the beginning
(September) to its decay (October) in 2012. This event reached a
maximum cell density of 8.6 × 106 cell L−1, with a chlorophyll
a content of 121.2 mg m−3 and peridinin of 40.2 mg m−3,
coinciding with a N:P (nitrogen:phosphorus) ratio of 2:3. This
event was associated with NNE winds and rain, which may
have contributed to the enrichment of nutrients in the water
column; the direction of the wind changed to the SE, and its
intensity decreased to <1.3 m s−1, which was when the bloom
appeared. No mortality of marine organisms were observed
during this period. According to Gárate-Lizárraga (2013) and
López-Cortés et al. (2014), recurrent blooms of M. polykrikoides
in this bay are associated with the mixing of the water column
and upwelling of deep waters.

Mexican Pacific
The first record of M. polykrikoides was recorded in Bahía de
Manzanillo, Colima in 2000 (López, 2000; Morales-Blake et al.,
2001). Another extensive bloom by Margalefidinium sp. was
reported during late winter and early spring of 1999, where
the paralytic toxin producing dinoflagellate G. catenatum was
also found. However, no impacts in wildlife were reported
(Morales-Blake et al., 2000). Another event was recorded
in this bay between March and May in 2007, involving
again several HAB species such as Akashiwo sanguinea,
Karenia mikimotoi, G. catenatum as well as M. polykrikoides.
This event was associated with upwelling of deep waters
(González-Chan et al., 2007).

The most extensive bloom by M. polykrikoides (1.1 × 106–
3.0 × 106 cell L−1) reported in Mexico lasted 12 weeks
(September to November 2000), affecting 63 km of coastline
in Bahía de Banderas. This event impacted tourism activities
in Puerto Vallarta and Nuevo Vallarta in the states of Jalisco
and Nayarit, respectively (Cortés-Lara et al., 2004). Another
M. polykrikoides bloom was reported in the area the following
year (Cortés-Lara, 2002). Cortés-Lara (2002) mentioned that the
phenomenon remained for 5 months in Puerto Vallarta causing
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FIGURE 1 | (a) Microscopic image (63×) of Margalefidinium polykrikoides in culture (chain of two cells), isolated from Bahía de La Paz, Gulf of California, Mexico.
Scale bar = 10 µm. (b) HABs records of M. polykrikoides in coastal waters of Latin America. (c) Suggested route of ichthyotoxicity caused by M. polykrikoides: fish
gills are impacted when algal cells in the water lyse, releasing reactive oxygen species (ROS) and free polyunsaturated fatty acids that cause lipid peroxidation and
physiological disturbances leading to fish mortality (modified after Hallegraeff et al., 2017).

mortality of eels, octopuses, and 13 species of fish, including
flounders, sardines, snappers and puffers. Gómez-Villarreal et al.
(2008) monitored HABs in Bahía Banderas using satellite images
during 2000 and 2001 (Figure 2). High chlorophyll a levels were
associated with blooms of M. polykrikoides during the summer-
fall season, which were more intense in 2000 than in 2001, with
a range in cell abundances from 7 × 103 to 1.2 × 106 cell L−1 in
2000, and an average cell abundance of 1 × 106 cell L−1 in 2001.

Gárate-Lizárraga and Muñetón-Gómez (2008) reported
mortalities of farmed tuna in Bahía Magdalena, B.C.S associated
with M. polykrikoides and reported that this dinoflagellate
is distributed from Ensenada, B.C. to the coasts of Oaxaca.
Gárate-Lizárraga et al. (2009) also reported HAB events of M.
polykrikoides and G. catenatum in Bahía de Acapulco. Both
species were recorded from December 2005 to December 2007.
The abundance of M. polykrikoides ranged from 39 × 103 cell
L−1 in January 2008 to 8,228 × 103 cell L−1 in December 2005,
within a thermal range of 25–29◦C; however, no mortalities
of marine organisms were observed. Maciel-Baltazar and
Hernández-Becerril (2013) reported this species in 2009 for the
first time in the Gulf of Tehuantepec.

Recently, Fimbres-Martínez et al. (2018), Fimbres-Martínez
(2019) described the presence of Margalefidinium sp. and
raphidophytes of the genera Chattonella, Heterosigma and
Fibrocapsa in Bahía de Todos Santos, in the northern
Pacific of Mexico, which were the suspected cause of
mortalities of farmed tuna (Thunnus thynnus) in this region
(García-Mendoza et al., 2018).

Experimental Studies
During the last decade, efforts have been directed toward
the isolation of strains from Bahía de La Paz to study
their ecology and toxicology. Growth rates calculated for
these strains varied between 0.11 and 0.39 div day−1 with
maximum biomasses of 7.1 ± 0.5 and 9.4–11.0 × 106 cell
L−1 using modified GSe and GSe media (Dorantes-Aranda
et al., 2009, 2010; Zumaya-Higuera, 2017). Some authors have
suggested that M. polykrikoides is an invasive species that
has been transported by seawater currents and ship ballast
water (Sierra-Beltrán et al., 2001; Cortés-Altamirano et al.,
2006; Meave del Castillo, 2014; Páez-Osuna et al., 2017).
However, the sequences of strains isolated from Bahía de La
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TABLE 1 | Events of harmful algal blooms by the ichthyotoxic dinoflagellate Margalefidinium polykrikoides in Latin America.

Country and region Date Number of cells (cell L−1) Temperature (◦C) Impact References

Mexico

Bahía de Mazatlán April 1985 5.0 × 105
∼20.0 Mortality of fish,

crustaceans and
annelids

Cortés-Altamirano,
1987

September–October
2000

8.9 × 105 to 3.4 × 106 No data Fish mortality Cortés-Altamirano and
Gómez-Aguirre, 2001

2003 and 2012 No data No data Fish kill Cortés-Altamirano
et al., 2019

Bahía de Manzanillo March, April, and May
1999

No data 23.0–25.0 Foam accumulation Morales-Blake et al.,
2000

March–April 2000 3.2 × 106 21.2–25.5/34.5–34.6 No data Morales-Blake et al.,
2001

Puerto de Manzanillo March–May 2007 4.0 × 103 24.8–32.6 No data González-Chan et al.,
2007

Bahía de Banderas October–November
2001

3.0 × 106 to 1.1 × 106 No data Fish mortality. Skin
irritation, excess of
nasal mucosa, eyes,
and dermatitis in
humans

Cortés-Lara, 2002

July–December 2000 10.8 × 106 25.0–32.0/33–35 Fish mortality. Impact in
tourist activities

Cortés-Lara et al., 2004

2000–2001 7.0 × 103–1.2 × 106 1.0 × 106 No data No data Gómez-Villarreal et al.,
2008

Ensenada de La Paz,
Bahía de La Paz

15–28 September 2000 3.6 × 105 to 7.0 × 106 29.0–321.50 Fish mortality Gárate-Lizárraga et al.,
2000; Núñez-Vázquez
et al., 2003;
Gárate-Lizárraga et al.,
2004

Ensenada de La Paz,
Bahía de La Paz

September 2000 3.6 × 105 to 7.0 × 106 20.0–32.5 Fish mortality Gárate-Lizárraga et al.,
2004

Bahía de La Paz April–June 2006, April
2007

3.6 × 105 to 8.0 × 109 20.0–26.0 and 29.0–31.0 Fish mortality Gárate-Lizárraga and
Muñetón-Gómez, 2008

Bahía de La Paz August 16–17, 2012 0.073–1.4 × 106 29.0–30.0 No impact Gárate-Lizárraga, 2013

Ensenada de La Paz,
Bahía de La Paz

September–November
2012

6.2 × 105–8.6 × 106 30.3–31.3/35.2–36.8 No impact López-Cortés et al.,
2014

Bahía de Acapulco March 1999–October
2008

0.7–7.8 × 104 to 8.2 × 106 25.0–29.0 No impact Gárate-Lizárraga et al.,
2009

Cuba

Bahía de Santiago April–May 2005 No data No data Mortality of juvenile wild
fishes

Gómez et al., 2007

Channels of Marine
Hemingway in Havana

September 2015 1.8 × 106 to 7.5 × 105 No Impact

Guatemala

Guatemala Coast May 28, 2004 9.6 × 105 30.3–32.7 Fish mortality Carrillo-Ovalle et al.,
2007

January 8–29 2007 6.9 × 106 28.0 Fish mortality

El Salvador

Punta Roca and Puerto
de Punta Libertad

March 2012 2.1 × 108 28.5–34.8 Fish mortality, putrid
odors, headache to
tourists and local
people

Espinoza et al., 2013

La Libertad October 2013 No data No data Massive sea turtle
mortality

Amaya et al., 2014

Costa Rica

Gulf of Nicoya February–March 1979 80.0 × 106 28.0/32.2 Co-occurring with other
toxic species, damage
to human health, such
as. . .

Hargraves and Víquez,
1981

(Continued)
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TABLE 1 | Continued

Country and region Date Number of cells (cell L−1) Temperature (◦C) Impact References

Gulf of Nicoya June–November 1986 2.2 × 106 26.0–31.0 Mortality of fish and
coral

Guzmán et al., 1990;
Víquez and Hargraves,
1995

Isla Caño July 12, 1985 8.3 × 105

Pacific Coast November
2000–December 2001

14.4 × 106 No data Co-occurring with
others toxic species,
impact fisherman’s
economy

Valverde, 2002

Pacific Coast May 2002 1.2 × 105 No data Fish mortality Vargas-Montero and
Freer, 2004

Pacific coast January 2003–June
2004

1.7 × 108 No data Fish mortality Vargas-Montero et al.,
2006

Pacific coast April 2004 3.8 × 108 No data Fish mortality, foam
formation on the beach

Vargas-Montero et al.,
2008

Gulf of Nicoya January
2008–December 2010

11.7 × 106 26.6–28.7/27.9–31.4 Unpleasant odor,
sickness and vomiting
in children

Calvo et al., 2016

Colombia

Caribe, Bahía de Santa
María

October 2010 and
November 2011

5.0 × 106 29.0–31.0/∼20.0–33.0 No impact Malagón and Perdomo,
2013

2010–2017 No data No data No impact Cuellar-Martínez et al.,
2018

Ecuador

Puerto bolívar February 1992 5.2 × 106 No data No data Torres-Zambrano, 2000

Estero salado 1993

Guayas river June 1999

Peru

Bahía de Sechura February 2010, May
2014

9.6 × 105 17.1–23.3/32.8 No data Orozco et al., 2017

FIGURE 2 | (A) Satellite images showing chlorophyll a concentration in mgChla m−3 in December 2001. Dotted box corresponds to Bahía de La Paz and Bahía de
Banderas, some of these blooms could have been formed by M. polykrikoides. Maps from SeaWiFS level 3 images. The bottom left image shows fish kills of Pacific
red snappers (Lutjanus peru) in culture ponds caused by M. polykrikoides in Bahía de La Paz in 2001–2002. (B) Brown coloration of the sea surface created by
M. polykrikoides in Bahía de la Paz (2016).

Paz were identical to that of American and Malaysian strains
(Zumaya-Higuera, 2017).

Núñez-Vázquez et al. (2003) observed that fish juveniles of
Mugil sp. died when exposed to M. polykrikoides at a cell
abundance of 4.1 × 106 cell L−1. However, cell extracts showed

no toxicity by mouse bioassay and did not have adverse effects on
juvenile shrimp Litopenaeus vannamei. However, Pérez-Morales
et al. (2017) reported 100% mortality of L. vannamei zoea
larvae after exposing them for 120 h to cells of M. polykrikoides
(3.0 × 106 cell L−1). Dorantes-Aranda et al. (2010), also observed
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100% mortality of the spotted rose snapper Lutjanus guttatus
after exposure to ≥3.0 × 106 cell L−1 of M. polykrikoides.
Fish showed loss of balance, breathing difficulty, oxidative stress
in gill lamellae and liver, abnormal production of mucus and
asphyxiation, suggesting that the production of ROS by the
dinoflagellate caused oxidative damage that lead to their death. In
a complimentary study, the same authors observed that extracts
from 5.2 × 106 M. polykrikoides cell L−1 and 27.0 × 106 cell L−1

caused 50% hemolysis in L. guttatus and human erythrocytes,
respectively. The authors also reported hexadecaenoic (16:0),
docosahexaenoic (22:6n3), and octadecapentanoic (18:5n3) as
the most abundant fatty acids (Dorantes-Aranda et al., 2009).
The latter fatty acid has also been found in other nocive
microalgae showing fish cell toxicity, suggesting that it plays a
key role in the ichthyotoxicity caused by microalgae (Dorantes-
Aranda et al., 2009; Mooney et al., 2011). The possible
ichthyotoxic pathway of M. polykrikoides is shown in Figure 1c,
as suggested by Hallegraeff et al. (2017).

Allelopathy of M. polykrikoides has been demonstrated
by exposing cells and filtrates of M. polykrikoides to live
cells of G. catenatum. M. polykrikoides caused cell damage
to G. catenatum, such as detachment of the membrane,
deformation, prominent nuclei, loss of flagella, and lysis,
suggesting that M. polykrikoides could inhibit or regulate
the growth of G. catenatum in the natural environment
(Zumaya-Higuera, 2017).

Caribbean and Central America
Cuba
M. polykrikoides proliferated in Bahía de Santiago in April and
May 2005 covering an area of 0.8 km2. The HAB was short (4
days), however, it caused mortality of wild juvenile fish (Mujil
curema, Opisthonema oglinum, Acanthurus chirurgus, Haemulon
spp.) and crabs (Callinectes sapidus). During the bloom, cysts and
high cell concentrations were recorded (Table 1; Gómez et al.,
2007). Another bloom occurred in the channels of the Marina
Hemingway in Havana in September 2015. A cell concentration
of 1.8 × 106 cell L−1 was reported, and the bloom declined after 2
days of torrential rain, decreasing to 7.5 × 105 cell L−1. No impact
on wildlife was reported (Delgado et al., 2016).

Guatemala to Nicaragua
A HAB of M. catenatum was recorded for the first time in
Guatemala in 2004, which lasted 32 days and occurred from
May to June. Toward the end of the bloom, on the 23rd
of June, samples for species identification and cell density
were obtained that contained 9.6 × 105 cell L−1 which
explained the abnormal values of chlorophyll a (>30 mg m−3)
observed in satellite images (Carrillo-Ovalle et al., 2007). High
chlorophyll a levels (10–39 mg m−3) were also found off
the coast of Honduras, El Salvador and the Gulf of Fonseca
(gulf shared between El Salvador, Honduras and Nicaragua).
Rain contributed to high nutrient concentrations (Table 1),
and the water temperature was 30.3◦C. A second event was
recorded in January 2007 with a higher cell concentration
(6.9 × 106 cell L−1). This bloom occurred at a lower
temperature (28◦C) during the influence of coastal water

upwelling. Wild fish mortalities were observed during both events
(Carrillo-Ovalle et al., 2007).

El Salvador
Espinoza et al. (2013), documented a bloom of M. polykrikoides
off the coast of El Salvador in March 2012, with a maximum
cell density of 2.1 × 108 cell L−1. The bloom was 3 km wide
and 13 km long, and mortality of benthic fish, bad odor and
severe headaches in tourists and local residents were reported.
The major tourist season in El Salvador is from March to April,
however, no economic losses were estimated for this event. Mass
sea turtle mortalities occurred in La Libertad in October 2013
(Amaya et al., 2014). PSP toxins were detected in turtle tissues
as well as in oysters. Although the most abundant species during
this event was G. catenatum, other species such as P. bahamense,
A. monilatum, and M. polykrikoides were also reported. In July
2017 a mixed bloom caused by M. polykrikoides and Scripsiella
trochoidea affected several coastal areas of El Salvador (Ochoa-
Arguello, 2017). During this event, a sanitary closure was applied.

Costa Rica and Panama
A bloom of M. polykrikoides reported as M. catenatum occurred
in the Gulf of Nicoya, Costa Rica in February-March 1979 with a
width of 200 m and length of 2–3 km. A strain was isolated from
this event and growth rate of 0.3 div day−1 was estimated. The
maximum abundance of cells during the event was 80.0 × 106

cell L−1 (Hargraves and Víquez, 1981; Table 1).
An annual monitoring program of harmful dinoflagellates was

conducted in the middle and upper Gulf of Nicoya between
January 1985 and March of 1986. HABs of M. polykrikoides
were commonly observed in the lower gulf between June and
October, mainly during the rainy season. The highest abundance
of M. polykrikoides was 5.0 × 106 cell L−1 during this period
(Víquez and Hargraves, 1995). Ramírez et al. (1989) suggested
that the decline of anchovy eggs in the estuary of Punta Morales
recorded was caused by a red tide near the estuary in August
1985 (Table 1).

In the second half of 1985, in Panama (Caño Island,
Costa Rica, and Uva Island), mass mortalities of reef fish,
invertebrates and corals were associated with a bloom of
M. catenatum and Gonyaulax monilata. In Caño Island, a
coral mortality up to 100% was observed between the surface
and 3 m of depth. The species most affected were Pocillopora
elegans and the zooxantella Tubastrea coccinea. Additionally,
hundreds of fish of the family Scarideae, Balistidae, Acanthuridae,
Pomancentridae, and Tetraodontidae; hermit crabs, brachyuran
crabs and gastropods. In Uva Island, 13% mortality of Pocillopora
spp. occurred. Mucus adhesion to polyps and interference with
the expansion of polyps appeared to be the cause of coral
mortality (Guzmán et al., 1990). Valverde (2002) reported a toxic
bloom of Pyrodinium bahamense var. compressum, G. catenatum,
and M. polykrikoides, on the Pacific Coast of Costa Rica from
late November 2000 to December 2001 (Table 1). No impact
was observed when the abundance of cells of M. polykrikoides
reached 14.4 × 106 cell L−1. Vargas-Montero and Freer (2004)
reported a bloom in Puntarenas and Caldera beach in the
Gulf of Nicoya in May 2002 (1.2 × 105 cell L−1). This event
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was dominated by M. polykrikoides and the cyanobacterium
Trichodesmium erythraeum. Large fish died, and deformity of fish
larvae was also observed.

M. polykrikoides bloomed again on the Pacific region of Costa
Rica between January 2003 and June 2004. Cell abundance was
1.7 × 108 cell L−1 (Table 1), and cysts were also observed
in October 2003 (Vargas-Montero et al., 2006). The following
bloom, in January 2004, covered an area of 50 km2 and in
April of the same year a high number of cells were also found
(3.8 × 108 cell L−1). During these events, corals died and fish
mortalities of the families Carangidae, Lutjanidae, Muraenidae,
Engraulidae, and the Solidae occurred (Vargas-Montero et al.,
2006). M. polykrikoides commonly bloomed in this region
with low abundance of other dinoflagellate species such as
Ceratium dens, Gonyaulax spinifera, Heterocapsa sp., Mesodinium
rubrum, P. bahamense var. compressum and the cyanobacterium
T. erytraeum. Vargas-Montero et al. (2006, 2008) concluded that
northeaster winds may be the most influential factor in the
formation of HABs of M. polykrikoides in Costa Rica.

A total of 11 HABs of different species of dinoflagellates were
reported in the Gulf of Nicoya from 2008 to 2010. Of these,
eight were observed during the rainy season (May to November)
and three during the dry season (December to April) (Calvo
et al., 2016). Authors emphasize that the most impacting HAB
occurred in September 2010, when 16 phytoplankton species
were observed, with M. polykrikoides as the dominant species,
occurring during a La Niña event. Heavy rain contributed to the
enrichment of nutrients in the Gulf of Nicoya, as a result of runoff
discharges of the rivers Tempisque and Grande de Tárcoles.

South America
Venezuela
Only one report exists on a bloom of Margalefidinium sp. on
the coast of Sucre, Venezuela, which occurred in August 1977.
Cells of Margalefidinium were found in the digestive tract of the
mussel Perna perna. During this bloom, Gonyaulax tamarensis
var. excavate (=Alexandrium catenella) and Noctiluca miliaris
were also observed, and the presence of paralytic shellfish toxins
were detected in mussels, which were associated with human
intoxications (Reyes-Vásquez et al., 1979).

Colombia
A bloom of M. polykrikoides was recorded for the first time in
Bahía de Santa María, in the Colombian Caribbean in October
and November 2010. The maximum density was 5.0 × 106

cell L−1, and the event covered an area of 6 km2, however,
no impact on fauna was observed (Malagón and Perdomo,
2013). The key factor for the proliferation was the contribution
of terrestrial nutrients during the rainy season. This bloom
coincided with SSE and SE winds during the day, and NNW and
NW during the night. Cuellar-Martínez et al. (2018) reported two
more blooms in the same bay between 2010 and 2017 with no
harmful effects.

Ecuador
HABs are frequent in Ecuador, more commonly in the Gulf
of Guayaquil. There have also been reports of blooms in the

southern part of the Santa Elena peninsula, Manglar alto, Manta,
Cojimies and in the Galápagos Islands. One of the most frequent
and abundant species is Margalefidinium sp., which bloomed in
Puerto Bolívar (March 1992), Estero Salado (March 1993), and
Guayas river in June 1999, reaching a maximum cell abundance
in Guayas River of 5.2 × 106 cell L−1 (Torres-Zambrano,
2000). The high frequency of HABs in the Gulf of Guayaquil is
associated with poor water quality due to mangrove removal, ship
traffic, shrimp farming, population increase, combined with El
Niño events.

Peru
Individual blooms of A. sanguinea, M. rubrum, Protoceratium
minimum, and M. polykrikoides occurred in Bahía de Pisco in
February 2010 and May 2014. These events were associated with
upwelling of deep waters, with a temperature range from 17.1
to 23.3◦C. The bacteria Vibrio alginolyticus, V. metschmicovich,
V. vulfenicus, and V. parahaemolyticus were isolated during the
bloom. A strain of V. parahaemolyticus was virulent and a public
health event with diarrhetic symptoms was associated with the
bacteria (Orozco et al., 2017).

CONCLUSION

The toxic dinoflagellate M. polykrikoides is wide spread in Latin
American coastal waters. It has formed recurrent blooms that
have been documented mainly in Mexico and Central American
countries. M. polykrikoides has been able to proliferate in a
wide temperature range (17–32◦C), and has affected several
marine organisms, including fish, crabs, corals, shrimp, eels,
octopuses, and gastropods. Blooms of M. polykrikoides in Latin
America have been associated with periods of heavy rain
that cause an increase in nutrients in coastal waters due to
runoff from rivers. Moreover, coastal upwellings associated with
wind patterns, mixing of the water column and rain, all of
which can create nutrient enrichment of surface waters, seem
to favor proliferation and recurrence of this dinoflagellate.
Although significant economic losses have been reported in
other countries due to the negative impacts of M. polykrikoides,
this information is still lacking in Latin America, possibly
due to scarce socioeconomic studies. A continuous monitoring
program is required to obtain information, during and after
bloom occurrence. Also, data of cyst beds should be included to
generate ecological information that can provide the opportunity
to evaluate the potential impacts on fisheries and aquaculture.
Especially to address the economic and social repercussions
that HABs may have, given the recent experience of two
continuous blooms created by Pseudochattonella verruculosa
and Alexandrium catenella in Chile in 2016 that caused
economic losses of US$800M, creating unemployment and
social riots triggered by protests (Mascareño et al., 2018).
Mitigation approaches for HABs of this dinoflagellate are
also a subject not yet investigated in Latin America. The
higher amount of reports from Mexico might be because this
country possesses a longer coastal area, as well as having a
high number of experts on harmful algae, or simply because
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M. polykrikoides has formed more blooms in the Mexican
coastline than in other Latin America countries. The presence
of Margalefidinium as well as other species of marine fish-killing
microalgae in Latin America will require constant monitoring
mainly in fish-growing areas to avoid severe economic impacts,
such as the recent cases in Chile and Mexico (Clement et al.,
2016; García-Mendoza et al., 2018; León-Muñoz et al., 2018;
Mardones et al., 2019).
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