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EDITOR’S PREFACE
The 18th International Conference on Harmful
Algae (ICHA) was held at La Cité des Congrès,
Nantes, France, 21-26 October 2018. After the
last conference in the same spot 25 years
earlier, this was the second time the conference
was convened in France. The conference was
hosted by Ifremer and was born from an
initiative of the French marine HAB research
community (GdR PHYCOTOX), with strong
support by its sister organization for freshwater
cyanobacteria (GIS Cyano). The theme of the
conference
“From
Ecosystems
to
Socioecosystems” was chosen to stress the
need to integrate natural sciences with social
sciences to increase the impact of our science
on society. A short summary of the event and a
scientific summary have already been published
in Harmful Algae News (pages 1-8, issue 62;
June, 2019).
Compared to previous conferences, this edition
has enjoyed record attendance (709 participants
from 64 countries) and scientific contributions
(613 abstracts, with 255 oral presentations and
358 posters, 45 of which were also presented as
ignite talks). Out of nine plenary lectures, five
were given by scientists not usually attending
this conference. This is a testimony to our
efforts in soliciting scientists from adjacent
scientific fields. They gave us insights into recent
developments regarding linkages between
climate change and eutrophication (Anna
Michalak), in human toxicology (Thomas
Hartung), trait-based ecology (Elena Litchman),
natural products chemistry (William Gerwick)
and remediation (Eric Jeppesen). The four
plenaries directly related to HAB science
focused on HAB parasites (Laure Guillou),
Ciguatera (Mireille Chinain), chemical ecology
(Allan Cembella, Yasumoto award lecture 1) and
analytical measurements (Michael Quilliam,
Yasumoto award lecture 2). The other lectures,
like the posters, were subdivided into 21
themes, 45 oral sessions and three lunch time
seminars. Credit for this scientifically diverse
and inspiring program largely goes to our

national scientific committee built on GdR
Phycotox and GIS Cyano (43 people). Overall
feedback on this ambitious program was very
positive (87 participants (12%) replied to our
feedback questionnaire: 80% of the
respondents found the scientific program good
or excellent). We heavily drew on the ISSHA
council, our national scientific committee and
other key scientific members of our community
for our 53 session chairs – again, thank you all
for helping us in this event!
I also acknowledge the help of our reviewers of
the 47 submissions to the proceedings (> 90%
reviewed by 2 referees). A frustrating aspect of
conference proceedings is the change in
publication attitude of conference attendees.
While most participants contributed to the
conference proceedings in 1989 (100
contributions), less than 8% of contributions to
the conference in 2018 resulted in 47
submissions to the proceedings. This lack in
participation to the proceedings obviously
results from the need for “measurable outputs”
in form of peer-reviewed papers in journals
indexed in the “Web of Science”. Still, it also
means that conference proceedings no longer
actually reflect the science presented at the
conference. For a comprehensive overview of
the conference, please download the final
programme or the abstract book.
Participation and number of contributions has
approximately doubled since the last
conference in Nantes in 1993. The fourth
International Conference on Toxic Marine
Phytoplankton (26-30 June 1989, Lund, Sweden)
was the first one to extend coverage beyond
dinoflagellates to all kinds of marine microalgae,
including benthic or epiphytic species. Since
that time, the breadth of the conference has
gradually increased which partly explains the
increased participation. For instance, the 2018
edition also had a very strong component on
cyanobacterial ecology, toxins and remediation.
Another interesting example is the report of the
structure of Ciguatoxin (= CTX1B = P-CTX1) by
7

Takeshi Yasumoto, which was one of the five
contributions on Gambierdiscus and its toxins in
1989; comparatively, there were 49
contributions to this theme at the conference
30 years later, which is in line with recent IOC
priorization of this problem. Similarly, 7
contributions dealt with effects of HABs on
aquatic organisms in 1989, shortly after a major
bloom of Chrysochromulina polylepsis in the
Skagerrat, while 23 contributions dealt with this
theme in 2018, indicating an increased interest
in this topic over time. The most striking
paradox comparing these two conferences is
that the 1989 event finishes its overview (Max
Taylor, page 532 of the proceedings) with a
major question dealt with during the
conference: Are HABs increasing and are they
spreading? As outlined by Gustaaf Hallegraeff in
its HAN article (HAN 62, pages 9-11), 139
abstracts of the 2018 Nantes meeting dealt with
the same question, formulated in the context of
climate change. Thus, three major topics in the
2020s (ciguatera, fish kills and evolution of HABs
in the context of climate change) have been
subject of discussion by our community for
several decades. However, there were also
many more recent developments discussed at
the conference, drawing on modern techniques.
The three lunch time seminars were dedicated
to (i) sensors and drones for surveillance of
freshwater HABs, (ii) in-situ monitoring tools for
marine HAB species, such as the Imaging Flow
CytoBot, and (iii) molecular biology techniques
such as qPCR for monitoring of species difficult
to identify with light microscopy. These
seminars were a clear testimony to our
increased capacity to detect and monitor an
ever wider range of species more efficiently.

Recent advances in the Omics field (43
contributions) also led to significant progress
reported at this conference on toxin discovery
(> 100 prymnesins & cyanotoxins), our
understanding in toxin biosynthesis (domoic
acid & polyketides) and interactions of HAB
species with aquatic animals (copepodamides).
Overall, the conference was also financially
viable since income provided by participants
(72 %) and sponsors (20 %) covered 92 % of total
costs incurred (455k€), while Ifremer recovered
all direct expenses, excluding staff time. Thanks
also go to Hélène Parfait, the secretary of the
Phycotoxins Laboratory (Ifremer, Nantes), and
Cécile Salaun (administrative project officer,
Ifremer, Brest) who both accompanied me in
managing the professional
conference
organizer and budgets on a daily basis. There
was a reasonable equilibrium between public
(14) and private (12) sponsors, who I thank for
balancing our budget. Many, many thanks also
to our Phycotoxins team in Nantes who lovingly
helped during countless hours with logistics
during the preparation and the event itself.
Finally, I’d like to express my gratitude to our
directorate at Ifremer for taking on the financial
risk of this undertaking as early as 2014, at a
time when nothing was known of Zika-virus,
French protests against carbon taxes (yellow
vests) or Corona-virus, to name but some of the
risks conference organizers have to deal with.
We wish our Mexican and Central American
colleagues all the best of courage, patience and
luck for the organization of the 19th ICHA in La
Paz, which will be held in 2021 due to latest
developments.
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Abstract
During ICHA 2018, a satellite symposium was organised to bring together scientists working on harmful algae,
with an interest to develop molecular methods, such as probes and quantitative polymerase chain reaction
(qPCR), and a focus on the genera Azadinium, Alexandrium and Pseudo-nitzschia. 261 persons subscribed to
the symposium. There was a strong focus on discussing methodological issues.
Keywords: qPCR, toxigenic
Three studies were presented during the satellite
symposium, held during ICHA 2018 on morphomolecular methods, and all three are summarised in
these proceedings.
Tillmann et al. (2020) evaluated the state of the art
of Amphidomatacean qPCR assays, and
highlighted the importance of continuous
reassessment of the assays, given the increasing
number of newly identified taxa in this group.
Clarke et al. (2020) demonstrated the use of PCR
assays for several toxigenic species occurring in
Irish waters, including three Pseudo-nitzschia
species, one Azadinium, one Amphidoma, two
Dinophysis and one Alexandrium, which allowed
them to improve their risk assessment. Clarke et al.
(2020) emphasized the need for continuous
reassessment of the assays as well.
MacKenzie et al. (2020) presented qPCR assays in
a solid-phase gel format that allow the rapid
detection of harmful algal bloom (HAB) species in
New Zealand waters. Although promising, the
assays had variable performance, depending on the
targeted species.

At least 261 persons participated in the satellite
symposium, which shows the tremendous interest
of HAB scientists in molecular probe and qPCR
techniques, technologies which will surely
continue to develop rapidly.
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Abstract
Azaspiracids (AZA) are a group of lipophilic toxins, which are produced by a few species of the marine
nanoplanktonic dinoflagellate genera Azadinium and Amphidoma (Amphidomataceae). Amphidomataceae
were found to be globally distributed in coastal waters and new areas of occurrence are regularly discovered.
The AZA toxins accumulate mainly in shellfish and - when consumed by humans - may cause health problems.
Given this serious threat, appropriate detection methods enabling a fast identification and quantification for
these toxigenic species are needed. AZA-producing species are small and inconspicuous and difficult - if not
impossible - to be identified by traditional microscopy. Therefore, a number of molecular detection and
quantification assays have been developed and are in use. We here evaluate the current state of the art of
amphidomatacean qPCR assays and identify new challenges, which are important to be continuously assessed
for reliable qualitative and quantitative detection.
Keywords: Azadinium, Amphidoma, molecular detection, qPCR assays, ribotypes
Introduction
Amphidomataceae are a family of dinoflagellates
which are known for the production of azaspiracids
(AZA), a group of lipophilic polyketide toxins that
can accumulate in shellfish and may cause human
health problems (Twiner et al., 2014). Azaspiracids
are a major problem in Ireland, where AZA
concentrations in shellfish above the EU regulatory
limit (0.16 µg g-1 mussel flesh) are recurrently
registered (Salas et al., 2011). The resulting longlasting closures of shellfish farms lead to high
economic losses and are a major threat for the Irish
shellfish industry. In 2009, the first source
organism of AZA, the small thecate dinoflagellate
Azadinium spinosum was identified and described
as a new species in a new genus within the family
of Amphidomataceae (Tillmann et al., 2009). Since
then, knowledge on the diversity of
Amphidomataceae has increased rapidly, and
currently there are 26 described species. Among
the 13 Amphidomataceae species tested so far, only
four have been found to produce AZA, i.e., Az.
spinosum, Az. poporum, Az. dexteroporum, and
Amphidoma languida (Krock et al., 2019), and
based on phylogenetic data the toxigenic species do
not represent a distinct clade (Tillmann et al.,
2018). All species of Amphidomataceae show
distinct morphological features, but morphological
species identification in most cases requires

scanning electron microscopy. This, together with
a high number of very similar and small nontoxigenic species in the group, makes routine
detection and quantification of the toxigenic
Amphidomatacean species in field samples
challenging and almost impossible using light
microscopy. Thus, other alternative and innovative
methods are needed for a more routine and fast
identification
and
enumeration
of
Amphidomataceae in field samples.
State of the art and new challenges
Card-fish probes using in situ hybridization are
available for a few Azadinium species (Toebe et al.,
2013), but have never been applied in the field,
probably because of the complex sample treatment
protocol.
In contrast, molecular qPCR assays for detection
and quantification are now commonly used for a
large number of toxic microalgae (e.g. Engesmo et
al., 2018; Ruvindy et al., 2018) and a number of
assays are also available for Amphidomataceae
(Tab. 1). In 2016, Smith et al. designed one SYBR
Green real-time PCR assay targeting the common
intergenic transcribed spacer (ITS) regions of all
species of Azadinium and Amphidoma.

Ph. Hess [Ed]. 2020. Harmful Algae 2018 – from ecosystems to socioecosystems. Proceedings of the 18th Intl. Conf. on Harmful
Algae. Nantes, International Society for the Study of Harmful Algae. 214 pages. ISBN: 978-87-990827-7-3.

15

Furthermore, species-specific TaqMan qPCR
assays are available for four species: The nontoxigenic Az. obesum and the toxigenic species Az.
spinosum, Az. poporum and Am. languida (Toebe
et al., 2013; Wietkamp et al., 2019). These assays
are now regularly used by the Marine Institute in
Galway/Ireland, where the Az. spinosum assay is
now an integrated part of the Irish monitoring
program, which has recently undergone in-house
validation and is now accredited to ISO 17025
standards. The assays have also been tested for the
Scottish monitoring program (Paterson, 2018) and
used in various field sample surveys, including the
Puget Sound area (Kim et al., 2017), the
Norwegian coast (Tillmann et al., 2018), Irish
coastal waters (Wietkamp et al., 2019) or in
Argentinean coastal waters (Tillmann et al., 2019).
One general and major challenge of all qPCR
assays is a reliable quantification (Bonk et al.,

microorganisms have been observed for a number
of dinoflagellate species (Perini et al., 2011; Macé
et al., 2018) and thus needs to be carefully assessed
for Amphidomataceae as well. Variability of copy
number for Amphidomataceae is not well known
yet and definitely has to be determined using
multiple strains and different physiological stages
of toxigenic species in the near future, as has been
recently performed for Amphidoma languida
(Wietkamp et al., 2019).
Another general problem and challenge of using
the qPCR for detection and enumeration of target
cells is the assay specificity, which needs to be
extensively tested using non-target species and
strains to reduce false positive signals. However,
there is also the risk of false negative results. This
is especially important in the Amphidomataceae,
where new species and new strains are almost
continuously discovered and established. When the

Table 1: Available real-time PCR assays for Amphidomataceae detection and quantification.

2018). Quantification in qPCR is based on standard
curves prepared using the DNA of target species
cells and can either be dilution series of target DNA
or of the amplified PCR product of the specific
target gene. Therefore, any variability in these
numbers (i.e. DNA copy number) between species
and strains will bias the quantification of field
populations (Galluzzi et al., 2010; Eckford-Soper
and Daugbjerg, 2016; Nishimura et al., 2016).
Intra- and inter-specific differences in the number
of target molecules for the qPCR in the genome of

original assays were designed, the known species
and available strains were quite limited compared
to what we have just a few years later. For one of
the toxigenic species, Az. poporum, the qPCR assay
was designed based on the only three Danish
strains available at that time. With now more than
70 described strains, we know that Az. poporum has
a very wide distribution, and a high intraspecific
variability in sequence data with three major
ribotypes and some significant further sub-groups
is evident. The parent strains for the assay from
16

Denmark belong to ribotype A1 and there are
significant differences to the other ribotypes.
Variation also occurs in the large subunit (LSU)
region of the rDNA, the target of the qPCR
respective assay, where all other ribotypes have 1
– 3 base pair mismatches with the forward primer
of the current specific Az. poporum assay (Fig. 1
A). Therefore, new primers and probes need to be
tested in order to quantitatively catch all ribotypes
of Az. poporum that we now are aware of.
The same problem becomes evident for another
important toxigenic species, Az. spinosum. The
qPCR assay was designed based on two strains
from the North Sea, but in the meantime many new
strains revealed intraspecific variability as well,
and currently three ribotypes of Az. spinosum are
defined. Importantly, not only the DNA sequences,
but also AZA toxin profiles differ among ribotypes.
Strains from ribotype A produce AZA-1, -2 and 33, strains from ribotype B produce either AZA-11

important toxigenic species. In this particular case,
it may also be advised to specifically design new
primers and probes, which enable the user to target
ribotypes A and B (AZA producing strains), but not
ribotype C (non-AZA producing strains).
Conclusion
In conclusion, the Amphidomataceae family,
which includes only a few toxigenic species, is an
obvious case, where molecular tools are needed for
routine detection and quantification. A number of
qPCR assays for this group have been published
and are in use, but it is important to continuously
assess those assays for reliable quantitative
detection, especially in light of a still increasing
number of newly identified species, strains and
ribotypes in this group.

Fig. 1: Base pair mismatches between the ribotypes of (A) Az. poporum and (B) Az. spinosum with the primers and probe
of the respective TaqMan qPCR assays.

and AZA-51 or just AZA-2, and strains of ribotype
C lack any detectable AZA (Tillmann et al., 2019).
As it is the case for Az. poporum, there are base pair
mismatches with primers and probe of the qPCR
assay for Az. spinosum ribotypes as well. Strains of
the AZA producing ribotype B have two
mismatches with the reverse primer and one with
the probe, and the non AZA-producing ribotype C
has six mismatches with the reverse primer (Fig. 1
B). Preliminary laboratory tests (Smith and
Tillmann, unpublished) confirmed the concern that
new strains of Az. spinosum are not detected
efficiently, and this has a serious impact for
monitoring programs, which rely on the currently
used Az. spinosum qPCR assay. Therefore, there is
a need to re-design the Az. spinosum assay in order
to fully capture and quantify more strains of this
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Abstract
The Marine Institute, Ireland have established a dedicated phytoplankton molecular unit employing real time
qPCR assays in the targeted detection of phytoplankton toxigenic species responsible for causing toxic events
in Irish shellfish. DSP, PSP, ASP & AZP events are a common occurrence and are often observed on an annual
basis in Ireland. As many of these causative species cannot be identified to species level by light microscopy,
the real time PCR assays in use by the unit, have proven to be useful and invaluable tools as a confirmatory
method to support and compliment the routine method for species identification and enumeration via
microscopy in samples from the national monitoring programme and surveys. These qPCR assays are primarily
used in determining the presence and quantifying the following toxigenic species in water samples, ASP Pseudo-nitzschia australis, P. multiseries, P. seriata; AZP – Azadinium spinosum, Amphidoma languida; DSP
– Dinophysis acuta, D. acuminata; PSP – Alexandrium minutum. In addition, these assays have provided
supplemental information in determining the biogeography of species and also in discriminating between
toxigenic and non-toxigenic species in field samples containing mixed species compositions. The resulting
information has been used in making improved risk management decisions during toxic events.
Keywords: Molecular, PCR assay, Dinophysis, Azadinium, Amphidoma, Alexandrium, Pseudo-nitzschia
Introduction
Since the 1990’s, the Marine Institute’s (MI)
Phytoplankton unit has been operating a national
monitoring programme for the observation of the
presence of toxigenic and harmful/nuisance
phytoplanktonic species in Irish coastal waters.
Over the past 3 decades, with the growth of the
Irish aquaculture industry, the unit and the
programme has expanded to analysing in excess of
3000 water samples per year by light microscopy.
All aquaculture sites which are actively harvesting
are sampled and analysed on a weekly basis
throughout the year. Throughout this period, the
knowledge and methodologies of determining the
toxin profile in Irish shellfish and the identification
and enumeration of the causative toxigenic species
present in water samples has been extensively
developed to provide a compre-hensive and robust
monitoring programme.
However, the monitoring of toxic events and the
scientific advice given to industry and regulatory
agencies during closure periods can be challenging,
in particular, toxin accumulation can occur rapidly
in shellfish above regulatory levels, including
Amnesic Shellfish Poisoning (ASP), Azaspiracid
Shellfish Poisoning (AZP) and Paralytic Shellfish
Poisoning (PSP). The causative toxigenic species

associated with these toxin groups can be
problematic to identify at species level by light
microscopy, and are often reported at the genus
level. These genera can contain both non-toxic and
toxic species, which are indistinguishable by
traditional microscopic methods, and in the case of
Azadinium species, which can look extremely
similar morphologically to species of closely
related genera. Unfortunately, from both scientific
and aquaculture production points of view, this
does not give the full information required for
industry and regulatory agencies to operate on a
daily basis, particularly if the species observed
cannot be determined and could potentially give
rise to a toxic event in shellfish.
This occurred in 2005, where an unprecedented
ASP event occurred in the SouthWest of Ireland
and caused numerous closures of mussel (M.
edulis) and pacific oyster (C.gigas) production
areas. Whilst the microscopic method, which is
used as an early warning of the onset of toxic
events in shellfish, can give cell counts of Pseudonitzschia seriata group complex, the causative
toxigenic species can not be indentified or
discriminated from samples composed of mixed
non-toxic and toxic Pseudo-nitzschia species. The
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conclusion after this event was that if the presence
of the causative Pseudo-nitzschia species (P.
australis) could have been identified and reported,
it would have provided valuable advice, in addition
to the microscope results, as a pre-warning of the
potential ASP event. Since 2005, ASP events have
been an annual occurrence in the SW and also
occasionally along the West coast. Therefore in the
mid 2000’s, complimentary and confirmatory
methodologies were investigated to determine if
these problematic hard to identify species by
microscopy could indeed by identified and
enumerated at species level in order to provide
additional information to industry and regulatory
agencies of the onset, and during, shellfish toxin
events. Molecular assays targeting specific DNA
gene regions to discriminate between different
species were chosen as a promising technique
which could meet these requirements.
In 2007, the Marine Institute established the
Phytoplankton Molecular unit, which to date has
developed and validated a number of in-house and
externally published molecular assays in
determining the qualitatative and quantitative
concentrations of both toxigenic and non-toxigenic

species of the genera; Alexandrium, Amphidoma,
Azadinium, Dinophysis and Pseudo-nitzschia. The
unit predominantly focuses on real time qPCR
assays using molecular probes as the primary tool
of analysis. The high specificity of target DNA
detection, high throughput of samples and rapid
result turnaround times, make these assays suitable
for incorporating into the national monitoring
programme and supplementing the existing
analysis via microscopy. Other molecular
methodologies including FISH probes (Touzet et
al. 2009) and microarrays (McCoy et al. 2013) have
been previously assessed as suitable as a means of
analysis, but not for routine use where rapid result
turnaround times are required for reporting in
monitoring programmes.
The unit employs the use of four main molecular
probe/assay types (Table 1), including TaqMan
Minor Groove Binding (MGB) hydrolysis probes,
Fluoresence Resonance Energy Transfer (FRET)
hybridisation probes, Universal Probes, and SYBR
Green assays.
These assays are used as
confirmatory analysis when a suspected toxic
species is observed in routine samples, but cannot
be identified at species level with microscopy.

Table 1. Overview of qPCR assays employed in the MI Phytoplankton Molecular Unit.
Toxin Group
DSP
ASP

PSP

AZP

Target Genus/Species
Dinophysis acuminata*
Dinophysis acuta*
Pseudo-nitzschia australis*
Pseudo-nitzschia delicatissima
Pseudo-nitzschia fraudulenta
Pseudo-nitzschia pungens
Pseudo-nitzschia multiseries*
Pseudo-ntizschia seriata*
Alexandrium minutum*
Alexandrium tamarense
Alexandrium tamutum
Alexandrium ostenfeldii
Amphidoma languida*
Azadinium spinosum*
Azadinium obesum
Azadinium poporum
Azadinium/Amphidoma

Materials and Methods
Dinophysis species assay
A FRET hybridisation probe assay (Kavanagh et al.
2010) was developed as part of the Phytotest
project targeting and distinguishing between two

Assay/Probe Type

References

FRET Hybridisation

Kavangh et a.l 2010

FRET Hybridisation

Kavangh (unpublished)

Keady (2010)
TaqMan (MGB)

Toebe et al. 2013
Collins et al. 2009
Wietkamp et al. 2019

TaqMan (MGB)
Toebe et al. 2013
SYBR Green

Smith et al. 2016

causative Dinophysis species, D. acuminata and D.
acuta, responsible for the production of the DSP
compounds,
Okadaic
acid
(OA)
and
Dinophysistoxin-2. These compounds accumulate
in shellfish on an annual basis in Irelandand Clarke
2019). This assay was developed by sequencing the
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D1-D2 LSU region from isolated cells of D. acuta
and D. acuminata from Irish coastal water samples.
Alignments of the Irish rDNA sequences were
performed with all LSU Dinophysis sequences
available at the time in GenBank, where primers
(DIN_F and DIN_R) and hybridisation probes
(LSU_1 and LSU_2) were designed from the
alignments. The designed primers amplify a 270bp product internal to the LSU D1-D2 region,
whereas the probes compliment a 43-bp sequence
within the target region of the Irish isolates of D
acuta and the LSU_2 probe was designed to have a
4-bp mismatch to Irish isolates of D. acuminata. To
distinguish between the potential presence of cooccurrence of cells of both D. acuta and D.
acuminata, a melt curve analysis is performed after
amplification. The observed melt peaks Tm for D.
acuminata is 61ºC and for D. acuta 48ºC (Fig. 1).
These melt peaks are used to simultaneously detect
and discriminate between the presence of D. acuta
and D. acuminata cells.
The sensitivity of the assay was assessed by serial
dilutions of plasmids where detection limits of < 10
copies per target were consistently obtained. The
detection limit of the assay was established to be
between 1-5 cells for D. acuminata.

Fig. 1. Melt curve analysis showing the Tm’s of the
presence of D. acuminata and D. acuta (Kavanagh et
al. 2008).

Pseudo-nitzschia species assay
A series of FRET hybridisation probe assays
(Kavanagh, unpublished) were developed as part of
the Phytotest project, (Maher et al. 2007, Kavanagh
et al. 2008), targeting P. australis, P. delicatissima,
P. fraudulenta and P. pungens. Two further FRET
probes were developed as part of the EU SPIES
DETOX project targeting P. seriata and P.
multiseries (Keady, 2010; Keady et al. 2009).
These two species in addition to P. australis are
known Domoic Acid (DA) toxin producers in Irish
coastal waters responsible for ASP events in
shellfish. The developed assays for all 6 Pseudonitzschia species target the internal transcribed
spacer 1 (ITS-1) region of rRNA gene. For P.
multiseries and P. seriata, the assay specificity was
assessed on 25 non-target species of varying

diatom and dinoflagellate species, including nine
Pseudo-nitzschia species.
Similar to the
Dinophysis species assay, a melt curve analysis to
determine the melt peak (Tm) is performed after
the cycle amplification to confirm the target
species. For P. multiseries, the Tm is 66ºC, and for
P. seriata the Tm is 56ºC. The sensitivity of the
two assays were assessed through serial dilutions
of known cell concentrations and verified in spiked
field samples, where the limit of detection was
determined of both assays to 10 cells/25ml of
sample for both assays.
The remaining four assays, PCR primers and
species-specific hybridisation probes were
designed from the ITS-1 region and the following
species specific Tm’s were observed: P. australis
62ºC (Fig. 2), P. fraudulenta 55ºC, P. delicatissima
58ºC and P. pungens 60ºC. The assay for P.
pungens was also able to detect P. australis (Tm
49ºC), P. fraudulenta (Tm 42ºC) and P. multiseries
(Tm 53ºC). These 4 assays were tested for their
specificity using various Pseudo-ntizschia species
and a number of dinoflagellate species in culture
and in field samples. There was no cross reactivity
for any of the assays with non-target species. The
limit of detection was consistently established at
<10 copies for each target which equates to
approximately one cell.
Performance evaluations and results of the FRET
assays were compared to the microscopic method
results for the determination of cells of both
Dinophysis and Pseudo-nitzschia species in field
samples (n=137) from the national monitoring
programme. Overall there was a very good
correlation between the 2 methods, with no false
positives (n=17) being observed.

Fig. 2. Melt curve analysis showing the Tm’s of the
presence of P. delicatissima and P. australis.

Alexandrium species assay
TaqMan MGB probes are employed for the
detection of A. minutum, A. tamarense, A. tamutum
(Toebe et al. 2013) in monitoring programme
samples, survey samples and sediments.
Oligonucleotide primers and TaqMan MGB probes
were designed to target the small sub-unit (SSU) of
A. minutum and the variable D1-D2 LSU region of
21

A. tamarense and A. tamutum. The assays were
demonstrated to have a high efficiency of qPCR
reactions, to be highly species-specific, group
specific and showed no cross-reaction with other
Alexandrium species. Therefore, these probes were
deemed suitable for the monitoring and
determining the species composition of
Alexandrium blooms which occur for a short period
on an annual basis in the South of Ireland, where
all 3 species can be present, co-occurring or one
species more dominant at diffe-rent periods during
a bloom event. Alexandrium ostenfeldii also occurs
to a lesser extent in Ireland in terms of distribution
and occurrence, the TaqMan MGB assay designed
(Collins et al. 2009) has been used in monitoring
this species.
Azadinium species and Am. languida assay
Oligonucleotide primers and TaqMan MGB probes
were designed to target the LSU region for the
detection of A. obesum, A. poporum and A.
spinosum (Toebe et al. 2013). The primers and
probes designed for these 3 species were
demonstrated to be highly specific and shown to
have no cross-reactivity with non-target or cooccuring species. Recent testing of the A. spinosum
assay for newly discovered ribotypes has
demonstrated that the original assay is too specific
and not suitable for detecting all ribotypes of A.
spinosum, (Tillmann et al. 2018; Tillmann et al.
2019) this is a potential issue as one of the
ribotypes is observed to be non-toxic. Therefore,
there is a requirement for the re-design of this probe
to disinguish between the AZA producing and nontoxic ribotypes of A. spinosum for the use of this
assay in monitoring programmes.

al. 2019). This assay is regularly used within the
national monitoring programme to determine the
presence of and quantify A. spinousm cells (Fig. 3)
in water samples to provide information for
management decisions during AZA events in
shellfish.
Additionally, the unit also uses a qPCR assay for
the detection and quantification of Amphidoma
languida (Wietkamp et al. 2019), a species which
also produces Azaspiracids (AZA’s 38, 39). This
assay was successfully tested on field samples from
a 2017 survey from Irish Coastal waters. This
TaqMan MGB probe assay has been demonstrated
to be species specific and highly sensitive.
Azadinium / Amphidoma genus assay
A real time SYBR Green PCR assay for the
detection of species of the genera Azadinium and
Amphidoma (family Amphidomataceae) was
developed (Smith et al. 2016). Primers were
designed based on the ITS region of Azadinium
species and Am. languida, and the assay specifity
checked with extracted DNA from these species. A
melt curve analysis is performed after
amplification, where a Tm of approximately 83ºC
(Fig. 4) is observed for the presence of Azadinium
and Am. languida species. The assay was
determined to be highly sensitive and specific.

Fig. 4. Melt curve analysis showing the Tm’s of the
presence of Az. spinosum, Az. poporum and Am.
languida in field samples.

Results and Discussion
Fig. 3. Standard curve dilution series for the
quantification of A. spinosum cells.

The original A. spinosum assay has been optimised
and fully validated by the MI to ISO 17025
standards where all aspects of validation
requirements have been met and assessed,
including reproducibility, repeatability, sensitivity,
limit of detection, selectivity, specificity,
robustness, matrix effects and linearity (Clarke et

These developed and validated qPCR assays have
been proven to be an invaluable complimentary
and confirmatory monitoring tool in species
identification and enumeration in routine samples
from the Irish national monitoring programme. The
high sensitivity of these assays, coupled with the
high specificity of the probes, the high throughput
and rapid turnaround times give vital information
regarding the onset of potential toxin events, and
the monitoring of ongoing toxic events. Results can
now be disseminated to the regulatory agencies and
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industry within the same day as sample receipt. To
further increase the volumes of analysis and
shorten result report turnaround times, the unit also
uses automated instrumentation for DNA
extraction and transfer to 96 well plates. The unit
has also developed a number of multiplex assays
which allows for the simultaneous detection of two
or more target species. These assays have also
been employed in analysing sediment samples, in
particular for the presence of A. minutum cysts.
For the monitoring of A. spinosum, which is the
main causative species responsible for AZA’s in
shellfish, this PCR assay has become a powerful
monitoring tool. AZA events in shellfish are an
annual occurence in Ireland and result in numerous
production area closures. Over the last number of
years, the unit has optimised and in-house validated
the assay, and in 2018 was successful in accrediting
the method to ISO 17025 standards, the first
laboratory internationally to have a PCR method
for the detection of this species accredited.
Due to the fact that identifying Dinophysis cells to
species level is achievable by light microscopy, the
developed Dinophysis species probes are not
regularly used in routine monitoring. However,
they have been used in survey samples as a
screening method confirming the presence or
absence of cells of Dinophysis species. This has
proven to be an effective screening tool in filtering
out negative samples from large numbers of
samples in a short time frame.
For ASP and PSP monitoring of shellfish flesh
samples in Ireland, this is triggered on the presence
of the associated causative species observed via
light microscopy. Now with the ability of these
molecular assays to target and identify down to
species levels, distinguishing between toxic and
non-toxic species, and also determining the
composition of mixed species populations, affords
the volume of testing of flesh samples to be
increased or decreased as appropriate, therefore
leading to increased laboratory efficiencies for
shellfish testing.
The developed Pseudo-nitzschia species probes are
assisting in our better understanding of species
composition in samples and assemblage
succession, spatially and temporally, making these
PCR assays powerful ecological tools. Over time,
this information greatly contributes in the ability to
make improved risk management decisions. In the
MI,
the
Pseudo-nitzschia
species
and
Azadinium/Amphidoma species and genus assays
are currently used in a number of biogeography
projects (LeFran et al. 2019), affording a valuable
insight into how species composition and
distribution changes throughout an event.

However, there a number of points to consider with
the use of these PCR assays, particularly in the
areas of specificity, cross reactivity and detection.
There is a danger that assays can be too specific or
not specific enough to the desired target DNA
region to identify to species level and potential
species ribotype. The specificity and design of
these assays should be continuously reassessed
with the emergence of new species, strains and
ribotypes. The use of standard curves, positive and
negative extraction controls, internal process
controls to assess potential sample inhibition, and
negative template controls are necessary in running
these assays to ensure the correct results and the
optimal assay efficiencies are obtained.
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Application of gel-formatted qPCR assays for rapid diagnosis of shellfish toxin
producing and fish-killing micro-algae in seawater
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Abstract
The establishment of large-scale offshore fin-fish and shellfish aquaculture presents new challenges for
harmful algal bloom (HAB) monitoring, especially in areas where blooms of toxic and noxious species (e.g.
Alexandrium pacificum, Heterosigma akashiwo) commonly occur. Monitoring methods need to provide
identification and enumeration of problematic species from multiple samples collected over large areas in as
near real-time as possible. To accomplish this, a quantitative polymerase chain reaction (qPCR) assay in a
solid phase gel format (Aquila Diagnostics Hydrogels) was evaluated for the routine screening of seawater
samples for the presence and abundance of several species of toxic and noxious micro-algae. The aim was to
carry out trials of this rapid, low-cost method and evaluate its suitability for application by industry. Samples
collected from natural blooms and cell cultures were used to evaluate the assays. The assays had good
sensitivity for Alexandrium pacificum, and Alexandrium minutum, although the precision of quantification was
low. The Hydrogel assay for Karenia brevisulcata performed well, but poorly for Heterosigma akashiwo and
not at all for Pseudochattonella verruculosa. All assays had a relatively high proportion of results that exhibited
non-specific amplification that confounded accurate quantification. The Hydrogel assays potentially provide
an excellent practical monitoring option, but their reliability and accuracy need improvement.
Keywords: Toxic and noxious micro-algae, quantitative polymerase chain reaction (qPCR) methods, Hydrogel
assay
Introduction
In New Zealand, early warning of impending
blooms of micro-algae responsible for the
contamination of shellfish, or direct harmful effects
on fin-fish in sea cages, currently relies on the
manual microscopic examination of water samples
to identify and estimate the abundance of
potentially harmful species. This approach requires
skilled analysts, is slow and tedious, and can be
difficult to definitively identify some species after
sample preservation. Advanced autonomous
instruments such as the Environmental Sample
Processor (ESP) and Imaging FlowCytobot (IFCB)
that use DNA sandwich hybridisation assays,
quantitative polymerase chain reaction (qPCR),
immunoassays, and image analysis technologies to
provide real-time in situ analysis of water samples
to detect harmful phytoplankton have been
developed (Anon, 2014). However, these are
sophisticated and expensive machines that are
technically and financially beyond the reach of
most aquaculture monitoring situations that require
data of high spatial and temporal resolution.

There is a need for simple, rapid, sensitive,
accurate, high-throughput and inexpensive
methods for the identification and enumeration of
harmful species that can provide data in near realtime in real-world aquaculture settings. Preformatted qPCR assays targeting specific DNA
sequences in combination with rapid DNA
extraction methods, provide a potential means of
achieving this aim. In this study we have carried
out trials of solid phase qPCR assays (Aquila
Diagnostics Hydrogel assay) targeting two
shellfish
toxin
producing
dinoflagellates
(Alexandrium pacificum and A. minutum) and three
species hazardous to fin-fish in sea cages
(Pseudochattonella verruculosa, Heterosigma
akashiwo, and Karenia brevisulcata) to evaluate
their potential as routine monitoring tools. The
Hydrogel system is a patented, customised product
which has all the PCR reagents stabilised in a gel
format. User input is simply to load extracted DNA
on to the hydrogels, run the qPCR assay on a
thermocycler and interpret the results.
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Hydrogel assays
SYBR Green based hydrogel assay units were
custom made by Aquila Diagnostic Systems Inc.
(Edmonton, Canada). Primer sequences (D1-D2
region of the large subunit ribosomal DNA; (LSU
rDNA) for A. pacificum and A. minutum as
described by Rendy et al. (2018). LSU rDNA
primers targeting K. brevisulcata, H. akashiwo and
P. verruculosa were as described by Smith et al.
(2014), Coyne et al. (2005) and Eckford and
Daugbjerg (2016) respectively. The assays in the
lab and in the field were run on a MyGo Mini
thermocycler (IT-IS Life Science Ltd.) using the
following conditions: an initial step of 95°C for 10
minutes followed by 40 cycles of 95°C for 20
seconds, 60°C for 30 seconds and 72°C for 30
seconds. Fluorescence was measured at the end of
each extension step. At the completion of the PCR
cycling a high-resolution melt curve analysis was
conducted, from 65°C to 95°C in increments of
0.5°C with each temperature held for five seconds.
The assays were calibrated using serial dilutions of
the DNA extracts of cultures with known cell
concentrations. All assays were run in triplicate.
The specificity of the assays was determined by
running assays on a number of cultured isolates
from the Cawthron Institute Culture Collection of
Micro-algae (http://cultures.cawthron.org.nz) of
various closely related species to check for cross
reactivity.
Results and Discussion
Quantitative PCR assays of serial dilutions of
extracted cultured cells (Figs 1, 2) of A. pacificum,
A. minutum, and H. akashiwo had acceptable
amplification efficiencies (96-107%) however the
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DNA samples
Cell concentrates from natural water samples and
microalgal cultures were prepared by filtration
through 13 mm, 8 µm cellulose mixed ester
membrane filters using a 50-100 mL syringes and
Swinnex filter holders (Millipore). Up to 200 mL
of natural sea water was filtered after prefiltration
through a 100 µm screen. Depending on the cell
density 250 – 1,000 µL of cultured cells were
filtered. DNA was extracted from the filters using
BioGX bead lysis tubes (product # 800-1000) for
10 minutes at 2,850 rpm on a vortex shaker with a
horizontal microtube adapter. The extracts were
applied directly to the Hydrogels without any
further purification.

K. brevisulcata assay (Fig. 2B) only had an
efficiency of 83%. The assay targeting P.
verruculosa failed to produce any consistent PCR
product.
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Fig. 1. (A) Hydrogel assays of cultured cells of
A. pacificum. (B) Cq values versus counts of cell
numbers of A. pacificum in in seawater samples from
Nydia Bay, Pelorus Sound. (C) Comparison of
estimates of A. pacificum cell abundance by
microscopy and the Hydrogel qPCR assay.

The specificity of the target sequence amplification
was confirmed by examination of the product melt
curves (Fig. 3). Unfortunately, the performance of
the Hydrogels was variable with >20% (against all
species) showing evidence of a high level of
primer-dimer and other non-specific amplification
that confounded quantification in affected assay
tubes.
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Fig. 3 Melt curves of A. pacificum and A. minutum
amplification products run on an A. pacificum targeted
hydrogel.
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Table 1. Cross reactivity of Alexandrium spp.
hydrogels
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A. pacificum CAWD 235
A.minutum CAWD 11
A. minutum CAWD 12
A. minutum CAWD 273
A. fracterculus CAWD 52
A. margalefii CAWD 10
A. ostenfeldii CAWD 136
A. pseudogonyaulax CAWD 20

Hydrogels
A. minutum
A. pacificum
+
+
+
+
-
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Table 2. Cross reactivity of Karenia brevisulcata
hydrogels.

32
30
0.0

1.0

2.0
Log cells/ reaction

3.0

4.0

Fig. 2. Hydrogel assay calibration curves established
from extracts of cultured species. A. Alexandrium
minutum. B. Karenia brevisulcata. C. Heterosigma
akashiwo.

Elimination of assays that failed to amplify
properly resulted in a general agreement between
quantification by microscopy and qPCR of
A. pacificum in natural sea-water samples (Fig. 1B,
1C) although precision was relatively poor. The
sensitivity of the assays was acceptable with a level
of detection for A. pacificum of about 10 cells /L
with filtration of a 100 mL seawater sample.
Cross-reactivity experiments showed that the A.
pacificum and A. minutum assays (Table 1) did not
cross react with other closely related species.

Cultured isolates
Karenia brevisulcata CAWD 82
Karenia selliformis CAWD 79
Karenia umbella CAWD 131
Karenia brevis CAWD 122 (Florida)
Karenia papilionacea CAWD 91
Karenia mikimotoi CAWD 192
Karenia bidigitata CAWD 92

Hydrogel
K. brevisulcata
+
+
-

The K, brevisulcata assay (Table 2) cross-reacted
strongly with K. selliformis but not with other
Karenia species. However, when the primers are
used with the additional specificity of a hydrolysis
probe the assay shows no cross-reactivity with
K. selliformis (Smith et al. 2014). These two
dinoflagellates are morphologically very similar
and in practise this cross-reactivity is not likely to
be a problem since both species are equally
hazardous to fin-fish in sea cages.
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Table 3. Cross reactivity of Heterosigma
akashiwo hydrogels
Cultured isolates
Heterosigma akashiwo CAWR 04 (Australia)
Heterosigma akashiwo CAWR 06 (NZ)
Heterosigma akashiwo CAWR 08 (NZ)
Heterosigma akashiwo CAWR 09 (NZ)
Heterosigma akashiwo CAWR 13 (NZ)
Heterosigma akashiwo CAWR 15 (Canada)
Chattonella marina CAWR 18 (NZ)
Fibrocapsa japonica CAWR 19 (NZ)

Hydrogel
H. akashiwo
+
+
+
+
+
+
-

The H. akashiwo assay (Table 3) reacted with all
other isolates of this species in the collection,
including Australian and Canadian isolates. It did
not react with other raphidophytes (Chattonella
marina, Fibrocapsa japonica).
The Hydrogel assays, coupled with cell
concentration with syringe filters and the BioGX
cell lysis/DNA extraction kit, are simple and rapid
to carry out, with results available in less than two
hours from the time of sample collection. All the
qPCR reagents are incorporated into the reaction
gel and remain stable for long term storage at room
temperature. In our study assays were successfully
carried out in the field on a small (7 metre)
sampling vessel. The MyGo Mini thermocycler can
analyse 16 samples simultaneously (including
standards and controls) and throughput would be
easily scalable using multiple instruments or other
instruments capable of simultaneously running a
larger number of samples. In sampling excursions
to remote areas, the results of multiple assays can
be available before the vessel returns to port. The
assay format is eminently suitable for use on fish
farms or in processing plants with rudimentary
laboratory facilities. These assays potentially offer
an excellent practical monitoring option that in
terms of cost is highly competitive with
microscopy monitoring methods. They have an
advantage in providing near real time data from
multiple samples with minimal labour input.
Unfortunately, the assays for all the species
evaluated here had a high proportion of results with
unacceptably high levels of amplification of nontarget DNA. This impacted on the accuracy of
quantification. The cause of this is unknown. It
could be an artefact created during polymerisation
of the gels or issues related to primer design. In the
case of the P. verruculosa assay no evidence of
amplification of the target DNA was apparent and
further work on the design of the primer sequences
is clearly necessary.

An important consideration for accurate
quantification of qPCR assays is the stability of
target gene copy number within populations of the
species in question. Year to year variations in the
LSU rRNA gene copy number in populations of
Alexandrium fundyense in the Gulf of Maine
(D. Anderson pers. com.) has been observed that
have made a substantial difference to estimates of
absolute abundance. This is an issue that will need
to be addressed and corrections applied if it is
identified as a problem. A further improvement to
the assays would be the inclusion of an internal
amplification control to identify potential
inhibition effects that might occur with the simple
DNA extraction procedure (BioGX bead lysis
tubes) used in this study.
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Abstract
Increased organic nutrient loads deriving from anthropogenic activities and natural processes frequently cause
eutrophication of coastal waters. An increasing number of phototrophs have been shown to make use of organic
nutrients. The potential utilization of dissolved organic phosphorus (DOP) by microbial-mats associated with
the toxic dinoflagellate Ostreopsis cf. ovata, was investigated throughout a full cycle of a bloom that occurred
in 2015 in the Conero Riviera (N Adriatic Sea). Measurements of phosphomonoesterase (PMEase) and
phosphodiesterase (PDEase) activities of the epiphytic mats (including cells and exopolymeric substances) and
chemical-physical parameters were made weekly from late summer to early autumn.
Analyses of ambient inorganic nutrient fractions revealed very low filterable reactive P (FRP) concentrations,
however, DOP concentrations were on average 85% of the total dissolved P. A rapid increase in PMEase and
PDEase activities in the microbial community was recorded, coinciding with the onset of a proliferation of the
Ostreopsis population. Chromogenic staining of samples showed that activity was closely associated with the
Ostreopsis cells, located both extracellularly (cell surface and within the EPS) and intracellularly (ventral
cytoplasm). The increase in both PMEase and PDEase activities indicates that the Ostreopsis-mat community
can utilize a wide range of DOP types. Tests in laboratory confirmed that O. cf. ovata can utilize both
phosphomonoester (D-Fructose 1,6-disphosphate, β-Glycerophosphate, α-D-Glucose 1-phosphate, Guanosine
5’-monophosphate and Phytic acid) and phosphodiester (DNA and RNA) sources to grow.
The experiments also demonstrated that PMEase and PDEase were strongly influenced by water temperature,
with maximum values recorded at 30-35 °C.
Based on the present findings, O. cf. ovata seems to have adaptations that allow it to thrive in P-limited
environments where organic P is the main source of P, as long as water temperature is high enough to maintain
elevated PMEase and PDEase activities.
Keywords Organic phosphorus, Ostreopsis, Phosphorus limitation
Introduction
In the Mediterranean Sea, the benthic marine
dinoflagellate Ostreopsis has gained particular
attention because of the summer-autumn blooms it
forms in almost all rocky coasts (Jauzein et al.,
2018). These phenomena are often associated with
noxious effects on human health (e.g. fever, cough,
dyspnea, sore throat, rhinorrhea, skin irritation,
etc.), through marine aerosol inhalation and direct
contact (Migliaccio et al., 2016; Vila et al., 2016).
To date, three Ostreopsis species have been
reported from the Mediterranean Sea: O. cf. ovata,
O. cf. siamensis and O. fattorussoi, (Penna et al.,
2012; Accoroni et al., 2016a). O. cf. ovata
produces a large array of palytoxin analogues, i.e.
isobaric palytoxin (isobPLTX) and ovatoxins

(OVTXs) namely OVTX–a to –h (Brissard et al.,
2015; García-Altares et al., 2015).
Despite the number of studies concerning the
environmental influence on Ostreopsis blooms, the
complexity of their development is still far from
being understood. Particularly confounding is the
ability of Ostreopsis to form blooms, in the Plimited waters of the northern Adriatic Sea (Cozzi
& Giani, 2011).
In response to a lack of information on the,
potentially bioavailable, dissolved organic
phosphorus fractions in this area, it was decided to
investigate the potential utilization of DOP by
microbial-mats associated with Ostreopsis cf.
ovata. In a previous in situ study, the phosphatase
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activities of O. cf. ovata throughout a full cycle of
a bloom that occurred in 2015 in the Conero
Riviera (NW Adriatic Sea) was performed,
suggesting a high ability of Ostreopsis-mats to use
organic P. In this study, this ability was further
investigated incubating O. cf. ovata with different
DOP sources in laboratory conditions. These
observations should shed further light on how,
temperature and nutrients affect the bloom
dynamics of O. cf. ovata.
Materials and Methods
A strain of Ostreopsis cf. ovata (OOAPS0810/S3)
was isolated from microphytobenthos community
growing epiphytically on seaweeds during a bloom
occurred at the Passetto station in the Conero
Riviera (Ancona, NW Adriatic Sea) The cells were
isolated using a capillary pipette (Hoshaw &
Rosowski, 1973) into filtered seawater at 21±0.1
°C under a 12:12 h LD photoperiod with an
irradiance of 90-100µmol m-2s-1, in modified f/4
medium (Guillard, 1975).
The ability of O. cf. ovata to utilize DOP was
investigated using a modified f/4 medium replacing
orthophosphate with a phosphomonoester (DFructose 1,6-disphosphate, β-Glycerophosphate, αD-Glucose
1-phosphate,
Guanosine
5’monophosphate and Phytic acid) or a
phosphodiester (DNA and RNA). Cell counts:
were made every 3 d for 39 d in total, to evaluate
O. cf. ovata growth on each P source.
The analogue substrates para-nitrophenyl
phosphate (pNPP) and bis-para-nitrophenyl
phosphate (bis-pNPP) were used in the assays of
phosphomonoesterase
(PMEase)
and
phosphodiesterase
(PDEase)
activities,
respectively. The activities of the cultured O. cf.
ovata strain were measured at eight different
temperatures (5, 10, 15, 20, 25, 30, 35 and 40 °C).
The procedure used broadly followed that of
Turner et al. (2001). The chromogenic stain BCIPNBT (5-bromo-4-chloro-3’-indolyphosphate-nitro
blue tetrazolium) was used to visualize the location
of PMEase as it produces a blue-purple precipitate
at the site of the hydrolysis. Staining was carried
out using the same conditions as the enzyme
assays.
Results and Discussion
Ostreopsis cf. ovata blooms occurring along the
Conero Riviera, a strongly P-limited area, were
among the most intense in the entire Mediterranean
basin, with maximum abundances reaching 104
cells cm-2 (106 cells g-1 fw, 107 cells g-1 dw) in late
summer (Accoroni et al., 2015).

Calm conditions are recognized as a prerequisite
for bloom onset, and hydrodynamics strongly
influence the proceeding bloom dynamics
(Accoroni et al., 2015). For example, in 2015 there
was a temporary decrease of abundance observed
from mid-to late-September, when moderate to
high hydrodynamic events occurred (Douglas scale
≥2). The bloom finally declined rapidly by midOctober in correspondence of further moderate to
high hydrodynamic conditions (Fig. 1A, Accoroni
et al., 2017).
Ostreopsis blooms are generally considered to be
summer events in Mediterranean Sea, but it has
been repeatedly shown that the highest abundances
of Ostreopsis do not occur with the highest water
temperature in all areas (Mangialajo et al., 2011).

Fig. 1. Changes in (A) Ostreopsis cf. ovata abundance
on macroalgae (cells cm-2) (B) and phosphatase
(PMEase, PDEase) activity (µmol pNP cm-2 h-1) and
their ratio in Passetto station in 2015. * marks heavy
sea dates (Douglas scale ≥ 2) (figure 2 in Accoroni et
al., 2017).

A temperature threshold seems to be important to
trigger a bloom; for example, the Conero Riviera
bloom consistently peaked in late summer
(between 18.8 and 24 °C), but the bloom onset
occurred at maximum summer temperatures (from
25 to 28.6 °C). It was hypothesized that Ostreopsis
may need to reach a high temperature threshold to
initiate cyst germination, generally around 25 °C
(Accoroni et al., 2014). However, in the northern
Adriatic Sea the bloom onset is often observed
about 30 days after the reaching the 25 °Ctemperature threshold, suggesting that other
environmental factors, besides temperature, may
affect the development of O. cf. ovata blooms. In
fact, our studies showed that O. cf. ovata blooms
appear to be triggered by a combination of optimal
temperature and nutrient concentration: the
temperature threshold plays a key role on the
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germination of O. cf. ovata cysts and optimal
nutrient conditions are necessary to allow cell
proliferation (Accoroni et al., 2015).
Although no clear relationship was found between
nutrient concentrations and O. cf. ovata
abundances in the Conero Riviera, it was shown
that during bloom onset, inorganic P (FRP) and
N:P ratios were significantly lower than in the rest
of the study period implying that P-limitation may
be involved somehow. Interestingly, there was a
corresponding increase in DOP concentrations, on
average 85% of the total dissolved P (Accoroni et
al., 2017). At the same time, a rapid increase in the
PMEase and PDEase activities of the microbial
community was also recorded, which also
corresponded with the onset of O. cf. ovata
proliferation and were also maintained at elevated
levels for the duration of the bloom (Fig. 1B,
Accoroni et al., 2017). PMEase and PDEase are
specific for ester bonds and not for the organic
moiety, so an increase in both their activities
suggests that the Ostreopsis-mat community can
utilize a wide range of DOP types. This was
somewhat confirmed in the culture study, where
growth was noted in all of the phosphomonoesters
(D-Fructose
1,6-disphosphate,
βGlycerophosphate, α-D-Glucose 1-phosphate,
Guanosine 5’-monophosphate and Phytic acid) and
the phosphodiester (DNA and RNA) that were
tested (Table. 1). Significantly higher maximum
yields were observed using Guanosine 5’monophosphate than in the other conditions (p<
0.01).

cells, located both extracellularly (cell surface and
within the EPS) and intracellularly (ventral
cytoplasm) (Fig. 2).

Fig. 2. Staining of PMEase activity of Ostreopsis cf.
ovata and EPS: (A) cell surface associated (black
arrow); (B) within the EPS (figure 4C and E in
Accoroni et al., 2017).

Laboratory tests showed that phosphatase activities
were strongly influenced by water temperature.
Both phosphatases displayed significant positive
correlation with temperature (PMEase: r2 = 0.88, n
= 24, p < 0.001; PDEase: r2 = 0.64 n = 24, p <
0.001) and PMEase was significantly lower at 5 °C
than at 30, 35 and 40 °C (p < 0.01, Fig. 3). This
may explain why in N Adriatic Sea Ostreopsis
blooms can persist until autumn with temperatures
down to 15 °C, while in winter with temperatures
down to ~ 5 °C no O. cf. ovata cells are observed
(Accoroni et al., 2016b): O. cf. ovata can maintain
a sizeable population by utilizing the relatively
more abundant DOP in the environment as long as
water temperature values are high enough.

Table 1. Growth rates (µ) and maximum yield
(max-yld) of Ostreopsis cf. ovata with various
phosphorus sources.
Growth medium µ (day-1)
Inorganic P
Ortho-P
0.16

max-yld (cells ml-1)
718 ± 278

PME
FDP
Glycero-P
G1P
GMP
Phy-Acid

0.13
0.21
0.22
0.25
0.23

721 ± 103
901 ± 382
1487 ± 211
3179 ± 282
1550 ± 403

0.20
0.31

1629 ± 929
2433 ± 1224

PDE
DNA
RNA

Staining of samples with BCIP-NBT showed that
activity was closely associated with the Ostreopsis

Fig. 3. PMEase (A) and PDEase (B) activities (nmol
NP cell-1 h-1) of Ostreopsis cf. ovata grown at different
temperature (5, 10, 15, 20, 25, 30, 35 and 40 °C). The
values represent mean and the error bars indicate the
standard deviation.

In conclusion, this study has elucidated many of the
environmental aspects involved in Ostreopsis
bloom formation and development in the northern
Adriatic Sea. The synergic effects of
hydrodynamics,
temperature
and
nutrient
availability, particularly both inorganic and organic
phosphorus, are possibly the main factors
triggering the bloom. The ability to use organic P
in a strongly P-limited area where organic P can
make up most of the TP, can explain the success of
this benthic dinoflagellate.
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Abstract
The chain-forming dinoflagellate Gymnodinium catenatum is responsible for outbreaks of paralytic shellfish
poisoning (PSP) worldwide. In Morocco, shellfish poisoning events were recorded early in 1969. Since then,
numerous intoxications and deaths were reported in Moroccan Atlantic waters. Moreover, the Mediterranean
coastline of Morocco is recurrently and severely impacted by PSPs affecting the exploited mollusks and in
particular the cockle Acanthocardia tuberculatum which showed persistent high levels of PSPs exceeding the
threshold level. The causative species has been identified as G. catenatum. In our study, several strains of G.
catenatum were isolated from M’diq Bay located in Western Moroccan Mediterranean Sea and monoclonal
cultures were established. The isolated strains were identified as G. catenatum. To determine the optimal
conditions for G. catenatum growth, this species was cultivated at 23±2 °C in L1 medium, using different
selenium concentrations (0, 10-8, 10-7 and 10-6 M) and light intensities (15, 20, 30 µmole.m-2.s-1). Results
showed that the growth of G. catenatum varied significantly with these environmental factors. The maximum
growth (0.16 day-1) was recorded with 10-8M of selenium with cell yield of 9000 cells.ml-1. In the absence of
this oligo-element growth rate decreased (0.1 day-1) with a cell yield of 1400 cells.ml-1. Increasing light
intensity leaded to the increase of the growth rate from 0.11 day-1with cell yield of 4000 cells.ml-1 for the
irradiance 15 µmol m-2 s-1 to 0.17 day-1 with cell yield of 13000 cells.ml-1 for the irradiance 30 µmole m-2 s-1.
Altogether, our results confirm the key role of selenium and light in the growth of the Moroccan strain of G.
catenatum.
Keywords: Gymnodinium catenatum, Selenium, light, Mediterranean, Morocco
Introduction
Among HAB species, the dinoflagellate
Gymnodinium catenatum is distributed worldwide
(Hallegraeff et al. ,2012). This neurotoxic
dinoflagellate also develops in Moroccan and
Mediterranean coastal marine ecosystems and
caused several cases of human intoxications and
even death of human consumers of contaminated
mollusks (Tahri-Joutei, 1998). In Western
Mediterranean, this species proliferatesat the
beginning of winter and during autumn (Rijal
leblad, 2012). It produces Paralytic Shellfish
Toxins (PSTs) which often accumulates in the
exploited mollusks inducing a closure of shellfish
harvesting for several months each year. The
development of G. catenatumis determined by
complex environmental conditions. Studies on the
influence of the culture medium and origin of the
water used for cultivation on the growth of

dinoflagellates highlighted specific requirements
regarding some trace elements as selenium (Se)
(Band-Schmidt et al., 2004). Doblin et al. (1999)
demonstrated that G. catenatum from Austalian
waters have obligate requierement for Se, this
element is known to be required for growth of
several organisms at low level concentrations, but
can induce toxicity at high doses (Gojkovic et al.,
2014; Schiavon et al. 2017). Irradiance is an other
important environmental factor that influences
algal physiology.The growth rate is reduced under
low irradiance. Our objective was to isolate G.
catenatum cells, to establish monoclonal cultures
and to study the effect of Se and irradiance on the
growth of the Moroccan strain of this neurotoxic
dinoflagellate.
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Materials and Methods
Sampling site
Seawater was sampled at depth of 0.5 m at the
M'diq bay located in the western Mediterranean
Moroccan sea (35 ° 41'646 N - 05 ° 19'075 W),
sampling location depth is 15 m. This was
performed during blooming perdiod (March 2016).
of G. catenatumin

Fig. 1: Geographical location of sampling site (M’diq
bay)

Isolation, identification and culture
establishement of G. catenatum strain
In the laboratory, single cells of G. catenatum were
isolated using a pasteur pipette and a monoclonal
culture was established.The identification was
based on morphological characteristics using
photonic microscope observations. The culture of
G. catenatum was grown in our laboratory using L1
medium based on natural seawater from the
Mediterranean (Guillard and Hargraves 1993), a
temperature of 23 ± 1 °C, a salinity of 36 and cool
white fluorescent illumination (30 µmole.m-2.s-1)
under a 12 h:12 h light:dark cycle.
Ecophysiology experiments
Controlled laboratory experiments were carried out
to test the effects of Se (H2SeO3) and irradiance
level on the growth and cell yield (maximum cell
density reached) of G. catenatum. Flasks were
filled with 200 ml of L1 medium enriched with
increasing concentrations of selenium (O M, 108
M, 10-7M, 10-6M) with irradiance of 30 µmol.m2 -1
.s . In the second set of experiments, the flasks
were exposed toincreasing irradiances of 15, 20, 30
µmol m-2 s-1, with an enrichemnt of 10-8 M of Se.
Each flask was inoculated at t0 with G. catenatum
cells to obtain an initial concentration of 50
cells.ml-1. All the experiments were conducted in
triplicates.Cell concentration was monitored every
3 to 7 days by direct microscopic counts using a
Sedgewick counting chamber. The maximum
growth rate was calculatedfollowing Guillard
(1973) method. Growth was monitored for at least

53 days or until the maximum cell concentration
(cell yield) was reached.
Results and discussion
Effect of Selenium

Fig. 2: Evolution of Gymnodinium catenatum densities
as a function of Se concentration

The isolated strain was named GCMBM16 (G.
catenatum from M’diq Bay, Morocco 2016). It
forms chains of up to 20 cells. The morphology of
our strain corresponds to that described by Fukuyo
et al.(1990) and Rees et Hallegraeff (1991)
referring to G. catenatum HW Graham 1943.
Results showed that Se affected the growth of
GCMBM16. An absence of added Se (0 M)
resulted in a cell density of 1400 cells.ml-1 which
suggests its requirement for the growth of this
strain. Se enrichment of 10-8 M seems to be the
optimal concentration for the growth (0.16 d-1) of
the Moroccan strain G. catenatum which reached a
cell yield of 9000 cells.ml-1. Fu et al. (2002)
showed that sodium selenite induce GPX activity
in Chlamydomonas reinhardtii, this enzyme (GPX)
is known to prevent oxidative stress by catalyzing
the reduction of hydrogen peroxide. Doblin et al.
(1999) demonstrated that Se stimulates the cell
division. In our experiments, when increasing the
Se concentrations (10-7and 10-6 M), the growth rate
and cell yield decreased suggesting an adverse
effect of Se given at high concentrations (≥10-6 M),
becoming toxic to cells, this inhibition of growth at
high doses of Se may result from impaired
photosynthesis (Geoffroy et al. 2007).
Effect of irradiance
The growth of GCMBM16 increased with
increasing irradiance level, from 0.11 day-1 for 15
µmole.m-2.s-1 to 0.17 day-1 for 30 µmole.m-2.s-1.
This is in accordance with the results of De-bashan
(2008).
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Fig. 3: Evolution of Gymnodinium catenatum densities
(cells.ml-1) and growth rate (d-1) in function of
irradiance level (µmol.m-2.s-1)

Our data suggest that the increase of growth rate is
related to irradiance level. This is probably due to
the increase of photosynthetic activity and carbon
fixation which promotes cell division.
Conclusion
Our results showed that the Moroccan strain of G.
catenatum was a slow growing species considering
the tested laboratory conditions. Low amounts of
Selenium triggered the growth of this
dinoflagellate. G. catenatum growth increased with
light intensity. These laboratory experiments have
to be completed by testing other environmental
factors as temperature, salinity and macro-nutrients
on the physiology of the Mediterranean strain of G.
catenatum. A field survey is undergoing to
examine the relationship between these main
environmental factors and G. Catenatum bloom
dynamic in the coastal Moroccan Mediterranean
waters.
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Abstract
Microalgae blooms are generally associated with bacterial secondary producers. They produce organic matter
(OM), some of which associates with the sea surface microlayer (SML). OM in the SML below the actual
surface reduces fluxes of energy, including heat and momentum, and substances, including greenhouse gases,
aerosols, algae, bacteria and viruses.
In addition to the SML-associated OM, another OM fraction, foam (including whitecaps), often lies above the
primary SML when windspeeds exceed about 5 m s-1, trapping gas bubbles. Such foam also dramatically
increases albedo, reflecting solar radiation back into space, thus reducing solar heating and penetration of
photosynthetically active radiation. Mean coverage of the ocean surface by foam has been measured to range
between 1-6%, particularly in zones of Trade Winds.
Different types of OM, and particularly their mechanical properties, depend on ambient algal abundance, as
well as on taxonomic composition, as do the dynamics of foam formation and decay. Air-sea fluxes may thus
be influenced by genomic control through the blooming microalgae and Darwinian-type evolution. Bacteria
may also play a role. In addition, foam patches on the ocean’s surface serve as a unique microbial habitat. Such
blooms, particularly when their taxonomic composition changes unpredictably, are likely to be harming the
usefulness of climate models. Some of this harm might be mitigated by studying the relevant effects of these
blooms on fluxes, and incorporating these effects into climate models.
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Introduction
Algae (here including cyanobacteria) bloom in
ocean waters. They produce and consume CO2 and
other greenhouse gases, of which the
concentrations and fluxes are incorporated into
models of climate. Algae are the primary producers
of most of the organic matter (OM) in aquatic
ecosystems (Hansell et al., 2009). Some of this
OM, as well as OM from secondary production by

bacteria (Kurata et al., 2016; Howe et al., 2018) and
other plankton, accumulate in the surface
microlayer (SML). The mechanical effects of
microalgal OM in the SML are still absent in
models of how air-water fluxes of gases, particles
and heat, affect climate. Here we propose some
avenues for correcting this absence, and validating
the effects empirically.

Fig. 1: Whitecap coverage (W) computed from models using daily fields of wind speed (a) and measured values of W
observed from satellites (b), both for March 1998 (average of 31 daily maps of W). Redrawn from Anguelova &
Webster (2006), as in Jenkinson et al. (2018). Note how in the Tropical areas, particularly the Trade Winds areas,
observed values of W are higher than modelled values, while W values at around 60°S are smaller.

Fluxes modified by OM variation not modelled
in climate models
The abundance, chemical composition and
physical properties of OM secreted by blooming
microalgae depend on algal abundance, taxonomic
composition and physiological state (Seuront et al,
2006, 2010; Jenkinson & Sun, 2010, 2014;
Jenkinson et al, 2018). Variation in the quality and
quantity of algae-produced OM in the SML is not
included in International Panel on Climate Change
models (IPCC, 2018). However, such surfaceassociated OM reduces exchange of O2, CO2 and
other greenhouse gases (GHG) (Goldman et al,
1998; Calleja et al, 2009), and may also reduce
exchange of salts, humidity, aerosols and both
thermal and mechanical energy, which are all
important inputs to storm formation (Veron, 2015).
In addition, OM in the surface film can damp
ripples, gravity waves (Alpers & Hühnerfuss,
1989) and even low-frequency ocean swell
(Henderson & Segur, 2013). In ocean
cyanobacterial slicks (relative to nearby nonslicked water) both increase in temperature and

reduction in salinity have been measured during
daytime in and just below the SML (Wurl et al.,
2018), indicating reduction in evaporation over
slick areas. Furthermore, at low windspeeds in
some oligotrophic ocean regions, CO2 fluxes
measured by Calleja et al. (2009) were up to 2.7
times more than in water of higher productivity
under otherwise similar conditions.

Fig. 2: Massive coastal foam events. (a) Foam event at
Audresselles, Pas de Calais, France, associated with
bloom of Phaeocystis globosa. Note the flying foam to
the right of the hotel, and also that the hotel roof is
partly white, from wind-blown and sticky foam (insert
is enlarged to show wind-blown foam aggregates); (b)
Foam at Cape Silleiro, Galicia, Spain, about a fortnight
after gales in early February 2009. Such foam is
produced by the action of breaking waves, entraining
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air into seawater, itself containing polymeric organic
matter produced mainly by algae. Photos by Laurent
Seuront (a) and Tim Wyatt (b), as in Jenkinson et al,
(2018).

Measurements of air-sea gas fluxes in relation to
OM have so far been made only under calm to
moderate winds (0-13 m s-1), but not in heavy
weather (Goldman et al, 1998; Calleja et al, 2009;
Mari et al, 2017). Such studies, however, rarely
report its tertiary polymeric structure or rheological
properties of the OM. Algal-produced OM,
however, shows huge inter- and intra- taxon
variations in its rheological properties (Jenkinson
et al, 2018). This suggests that sudden shifts in the
taxon composition of microalgae, particularly in
large offshore areas, could lead to abrupt changes
in ocean modulation of climate.
Foam-production by algal blooms
OM produced by algae and bacteria, through its
mechanical and surface-active properties, interacts
with turbulence produced by wind, waves and other
processes to produce whitecaps (Fig. 1a, b) and
more persistent (>~1h) foam (Fig.2a, b). High
levels of near-surface dissolved organic matter
(DOM) in the Trade Winds areas are associated
with ~3-8%, which is more than that in the
Southern Ocean (~2-4% coverage), even though
winds there are much stronger (Anguelova &
Webster, 2006).
The higher foam coverage in the Trade Winds
zones despite lower wind speeds may be caused by
higher mean levels of DOM in the top 30 m (~5075 µmol kg-1 in Trade Winds zones compared to
only ~45-55 µmol kg-1 in the Southern Ocean)
(Hansell et al, 2009). A supplementary explanation
may be that the DOM in these different areas likely
varies in molecular composition reflecting
production by taxonomically different blooming
microalgae as well as different OM histories after
production.
Increase in ocean albedo
Change in albedo (i.e. proportion of radiation
reflected) of the ocean can moderate global
warming: increasing the albedo of the low-albedo
ocean surface by about 5% could compensate the
entire greenhouse gas (GHG)-driven perturbation
of the Earth’s radiation balance (Gattuso et al,
2018). The albedo of ocean foam is ~0.5 (Stabeno
& Monahan, 1986). The present ocean-wide
average albedo of about 2.5%  0.5 = 1.25%. This
therefore represents enough albedo to counter ¼ of
current GHG perturbation and thereby seriously
harm models of global warming through
production of DOM and foam. At certain times and

places, some algal blooms, such as those of
Phaeocystis spp. (Seuront et al, 2006) (Fig. 2a, b)
produce huge amounts of persistent foam with the
potential to increase albedo much more. Adding
“surfactants” to the ocean surface to produce
persistent foam is being proposed to increase
albedo and reduce global warming (Evans, 2010;
Garciadiego Ortega & Evans, 2019). While
concern about secondary ecological effects may
preclude this (Crook et al, 2016), the ecological
effects of foam coverage should also be studied.
Smaller-scale effects
At the scales of coastal blooms, modification of airwater gas exchange needs to be incorporated into
models of aerosols responsible for respiratory
distress in humans in HABs including those of
Ostreopsis spp. (Vila et al, 2016) and Karenia
brevis (Heil et al, 2014).
Conclusions
OM in the SML derives from primary and
secondary production mainly by algae and bacteria.
There is a need to characterize the tertiary chemical
structure of OM especially in the surface film, in
relation to its rheological and surface properties,
and to the taxonomic composition of blooming
microalgae throughout the oceans at all seasons
and in all weathers. Such characterization should
be combined with measurements of gas exchange
and foam production. Algal blooms that somewhat
invalidate (i.e. harm) the power of models to
predict weather and climate represent a new type of
HAB. The harm they do can be mitigated by
conceiving and validating climate models
incorporating biological modulation of marine
foam production and longevity.
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Abstract
Galician rias represent a highly productive area which is located along the northern boundary of the Northeast
Atlantic Upwelling System. Hence, the area supports important fishing and aquaculture activities, mainly
mollusc culture in rafts, which are seriously hindered by harmful algae blooms (HABs). The study of HABs
in this area requires an understanding of the ocean processes over the continental shelf, the effects of rivers
and freshwater runoff, the anthropogenic pressure and the biology of species. In addition to the weekly
oceanography and phytoplankton monitoring program aimed at shellfish safety, satellite images could provide
information about the spatial distribution of phytoplankton blooms using regional-based algorithms for
chlorophyll a concentration, which is considered to be a good estimator of phytoplankton biomass, or species
indicators. Finally, statistical techniques and machine learning methods have proven to be useful tools for
predicting HABs using both environmental parameters and distribution patterns of toxic species. In this work
we introduce the European (EU H2020) project CoastObs, which explores the potential use of the new Sentinel
satellites to monitor coastal water environments by developing a set of innovative high-level products,
including HABs. The approach is based on combining map products (chlorophyll a or species indicators)
derived from Ocean and Land Colour Instrument (OLCI) on-board Sentinel 3 satellite with a set of physical
and biological parameters in order to develop predictive models of HABs on the Galician coast based on
Support Vector Machines (SVM).
Keywords: harmful algae blooms (HABs), monitoring, remote sensing, Sentinel 3, OLCI, machine learning
Introduction
In terms of food security and biodiversity
preservation, Harmful Algal Blooms (HABs) are
considered one of the most dangerous threats to
coastal ecosystems worldwide. HABs are caused
by temporary increases of the abundance of toxic
phytoplankton species (Anderson et al., 2017).
Galician rias waters are optically very complex
because of their regional characteristics: local
freshwater inputs rich in organic and inorganic
material and periodical upwelling events
associated with northern winds introducing deep,
cold, nutrient-rich waters. The area is highly
productive and supports an intensive exploitation
of fish and shellfish resources, including mollusc
(mainly mussels) culture using floating rafts (or
bateas). These activities are seriously hindered by
HABs, which cause an important ecological, social
and economic impact since they can even force the
closure of production areas (Spyrakos et al., 2011).

The HABs monitoring program in Galicia is
conducted by INTECMAR. This program includes
analysis of biotoxins and toxic phytoplankton in
both water and mollusc samples, study of
oceanographic conditions leading to potential
HABs and decision-making about the closure of
production areas (Gonzalez Vilas et al., 2014).
Prediction in advance of HABs is very important
for mollusc producers in terms of organization and
logistic, as well as for the social policies related to
one of the main economic driving forces in the
region (Gonzalez Vilas et al., 2014).
Due to its complexity, operational prediction of
HABs (or closures/reopenings) in Galicia presents
a great challenge. Remote sensing and machine
learning methods could be a valuable tool for both
prediction and complementing data based on
samplings from monitoring programs (Spyrakos et
al., 2011; Gonzalez Vilas et al., 2014).

Ph. Hess [Ed]. 2020. Harmful Algae 2018 – from ecosystems to socioecosystems. Proceedings of the 18th Intl. Conf. on Harmful
Algae. Nantes, International Society for the Study of Harmful Algae. 214 pages. ISBN: 978-87-990827-7-3.
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Remote Sensing

Materials and Methods

Chlorophyll a (chla) concentration derived from
different optical satellite images is suitable for
detecting and monitoring HABs because it is
related to phytoplankton biomass and is common
to almost all taxonomic groups. Unfortunately, it
does not provide information about the species of
its toxicity (Spyrakos et al., 2011)
As a consequence of the strong increase in
phytoplankton biomass, phytoplankton blooms
show distinct spectral signatures as compared to
clean waters: significant absorption bands around
500 nm and 675 nm and reflectance peaks at 550
nm and 700 nm. Moreover, some HABs show a
chlorophyll fluorescence peak at 683 nm that is
useful for an effective separation from other
complex water types. However, for some HABs
this peak is shifted towards 700 nm because of the
contribution of the elevated backscattering related
to the high biomass concentration diminish the
fluorescence effect, or the peak is the result of a
combination
of
both
fluorescence
and
backscattering effects (Anderson et al., 2017).
Specific toxic species can also show distinct
spectral characteristics, allowing the development
of species indicators, i.e. algorithms which are
aimed at detecting a toxic species directly from
satellite images (Blondeau-Patissier et al., 2014).
For instance, Anderson et al. (2009) developed
statistical models for Pseudo-nitzschia spp.
abundance in Santa Barbara channel incorporating
ocean color and sea surface temperature data.
As compared to traditional sampling methods,
satellite methods are more cost-effective and
produce map outputs providing more information
about the spatial distribution of the HABs
(Blondeau-Patissier et al., 2014).

In this work, we introduce the methodology
proposed within the European (EU H2020) funded
project CoastObs (http://coastobs.eu/) to monitor
and predict HABs in Galicia. The approach is
based on combining maps products derived from
Sentinel-3 data and a set of physical and biological
parameters using machine learning methods to
generate predictive models of HABs.
Maps products proposed within CoastObs include
chla and species indicators. In both cases, the first
step is the development of regional cluster-specific
algorithms for the retrieval of a specific parameter
(chlorophyll a, species abundance or bloom/no
bloom) by adapting the methodology proposed by
Gonzalez Vilas et al. (2011), but using OLCI
instead of MERIS.
In situ data collected in a field campaign developed
in summer 2018 were used in the development and
validation of these algorithms. For each one of the
68 sampling stations, water-leaving reflectance
spectra were measured using two field radiometers:
TrioOS and Water Insight Spectrometer, or WISP3. Profiles of water temperature, pH and dissolved
oxygen were monitored by a portable meter (HI
9829, Hanna instruments), while chla fluorescence
was measured using a Turner designs CYCLOPS7 submersible fluorimeter. Vertical profiles of
temperature, salinity, fluorescence and depth of
water column were collected from a Seabird Model
25 CTD. Triplicate water samples from surface to
4 meters were collected at each station using an
integrated polycarbonate tubular water sampler and
then filtered in the laboratory to estimate several
optical parameters. Chla concentration was
determined using an HPLC method applying a
reversed phase C8 for the separation of the
pigments.
Predictive models are based on SVM, which have
already been proven to be a powerful tool for
predicting blooms of Pseudo-nitzschia spp. in
Galicia (Gonzalez Vilas et al., 2014). Models are
based on a set of physical and biological
parameters. Models use as input temperature and
salinity data from the INTECMAR monitoring
program, chlorophyll data derived from both
INTECMAR and satellite images, and upwelling
indices routinely distributed by the Fleet Numerical
Meteorology and Oceanography Center (FNMOC)
and available from a dedicated web page of the
Spanish Oceanographic Institute (IEO). As output,
models can use bloom/no bloom of a specific
species or taxonomic group (e.g. Pseudo-nitzschia

Machine Learning Methods
Different methods, varying in modelling approach
and complexity, have been applied to the prediction
of phytoplankton blooms. Unlike statistical or
regression models, machine learning methods are
able to provide high accuracies even when dealing
with complex, non-linear and/or noisy datasets
(Anderson et al., 2017).
Machine learning methods that have been applied
to HABs prediction include fuzzy logic, Artificial
Neuronal Networks (ANN) and Support Vector
Machines (SVM). Machine learning models can
also incorporate data derived from satellite images
into the prediction of HABs (Gonzalez Vilas et al.,
2014)

43

spp.), or closures/reopenings of production areas
due to paralytic toxins (PSP) or amnesic toxins
(ASP). Output data are available from
INTECMAR.
Results and Discussion
Figure 1a shows a picture of the application of
WISP-3 field radiometer. Spectra measured from
WISP-3 were used for validating Sentinel-3 data
and select the optimal atmospheric correction for
the development of chla regional algorithms and
species indicators (see Gonzalez Vilas et al., 2011
for more details).
Figure 1b shows a chla map derived from a
Sentinel-3 image acquired on 15 July 2017. Patches
of relative high chlorophyll are observed inside the
rias and in the adjacent platform as a consequence
of an upwelling event.
Chla concentration is considered to be a good
estimator of phytoplankton biomass, since it is
common to almost taxonomic groups. In fact, chla
maps have already proven to be useful for detecting
and monitoring HABs using MERIS images
(Spyrakos et al., 2011). Chla maps from Sentinel3 provide a good spatial resolution (300 m) and an
excellent temporal resolution with an image per
day since December 2018. The main disadvantages
are that maps can only be obtained under cloud-free
conditions and the lack of information about
species and toxicity.
Figure 1c shows the results of SMV models
developed for the prediction of Pseudo-nitzschia
spp. blooms using data from 1992. Input variables
include temperature, salinity, chlorophyll and
upwelling indices in the previous days.

Fig. 1. a) WISP-3 radiometer; b) chla map derived
from the Sentinel-3 image acquired on 15 July 2017; c)
results of SVM models for predicting Pseudo-nitzschia
spp. blooms (TPR: true positive rate; FPR: false
positive rate).
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The percentage of blooms correctly classified (true
positive rate or TPR) and the false positive rate
(FPR) were computed for each model using an
independent dataset. TPR varies between 73 % and
82 % while FRP is lower than 20 % in all the
models.
SVM models were compared to other modelling
approaches based on machine learning methods.
Results of the best model for each technique are
shown in Table 1.

program might help testing and improving the
approach proposed in this work, which could
complement it by providing data about prediction
and spatial distribution of HABs with a higher
spatial coverage on a daily basis.
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Abstract
In recent years, improvements in data acquisition techniques have been carried out to sample, characterize and
quantify phytoplankton communities at high temporal and geographical resolution, with a special focus on
potential harmful algae, during oceanographic campaigns or in the frame of monitoring networks (to support
knowledge but also for EU Directives and Regional Sea Convention needs). These acquisition and digitization
techniques, including ”imaging-in-flow” systems, allow to process a high number of samples and,
consequently, generate an important quantity of data in which the presence of target events might not be
detected. Indeed, as for traditional samples analysis with inverted microscope, a full manual quantification of
the particles based on a simple visual inspection can be time-consuming, tedious and consequently lead to
erroneous or wrong identifications.
For this purpose, the ZooImage R-package was and is still being developed to allow greater automation in data
classification and analysis while also permitting some user-interaction during the process. The proposed
methodology consists in combining few expert knowledge and machine learning algorithms at different levels:
(i) to classify particles into different groups based on the definition and the adaptation of a specific training set
through the use of ”contextual data”; (ii) to detect and partially validate the ”most suspect” predictions, based
on a probability of misclassification; (iii) to estimate the number of cells for each colonial form thanks to the
building of specific predictive models.
These different semi-automated tools were applied to the in vivo image dataset acquired with the FlowCam
instrument during the September-October CAMANOC 2014 (Ifremer) cruise in the English Channel, in order
to evaluate their operational ability to monitor the diversity of samples for the microphytoplankton, and
especially to detect, track and count the most frequent potentially harmful algae found in this area at that
period, like species belonging to Pseudo-nitzschia, Dinophysis, Prorocentrum and Phaeocystis genera. A
distribution of these target groups was computed which highlights different sub-regions in the English Channel
during the late summer-fall transition.
Keywords: Machine learning, User-interaction, Semi-automated classification, English Channel, HABs
Introduction
Since 2000, phytoplankton is defined as a
biological parameter for marine quality assessment
by the Water Framework Directive (WFD) and in
2008, the European Marine Strategy Framework
Directive (MSFD) confirms this capacity. Today,
about 7000 different species have been identified
worldwide of which about 70 are potentially
harmful (toxins or foam producers). Because of the
consequences they have on the ecosystems goods
and services, their economic and health impacts,

the occurrence of these toxic events contributed to
renewed interest towards studies on marine
ecosystem, including ecological, climatic and
economic domains.
The traditional technique to determine the
phytoplankton composition of a sea water sample,
is the identification and enumeration by inverted
microscopy method after sedimentation (Utermöhl,
1958). However, this method is time consuming
and requires experts specialized in phytoplankton

Ph. Hess [Ed]. 2020. Harmful Algae 2018 – from ecosystems to socioecosystems. Proceedings of the 18th Intl. Conf. on Harmful
Algae. Nantes, International Society for the Study of Harmful Algae. 214 pages. ISBN: 978-87-990827-7-3.
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taxonomy. Moreover, it cannot detect spatial and
temporal changes in the marine ecosystem
combining high frequency and quality of
information obtained without competent human
participation to collect and classify these samples.
Recent advances in image analysis and pattern
recognition have made possible to estimate
microphytoplankton concentration without hard
numerical process, directly on living samples
(Tang et al., 1998). These approaches, using digital
imaging of phytoplankton particles measured by
image analysis and classified using machine
learning algorithms, reduce the analysis time,
improve the counting accuracy and can carry out a
lot of measurement providing opportunities for
microbiologists to get new insights into the
functioning of communities in the nanomicroplankton size range (Benfield et al., 2007).
Over the past few decades, different specialized
systems coupling digitization devices and data
processing software have been developed for
enumeration and measurements of particles in the
nano-microplankton size range, like the Imaging
FlowCytoBot instrument (IFCB) coupled to a
specific data processing and classification software
(Olson and Sosik, 2007), or the FlowCam® system
(Fluid Imaging Technologies, Inc.1) associated to
the VisualSpreadSheet® software (Sieracki et al.,
1998). Unfortunately, these software systems are
designed for specific devices and are not always
compatible with other imaging systems.
Additionally, recent optimization of plankton
imagers leads to faster digitization, multiplication
of analyses and accumulation of a large quantity of
data and images.
In this context, we propose to develop, to test and
to prove the added-value of a semi-automated
identification
system
for
phytoplankton
classification. This system could improve our
knowledge of the ecology of phytoplankton by
allowing semi-automated analyses to be applied to
a higher temporal/spatial resolution than traditional
techniques, due to time saving during data
acquisition and processing steps (including
validation of the results). These analyses are thus
better adapted to study the frequencies of
phenomena that control this biological
compartment (Cloern, 1996). The proposed tool
consists in coupling the FlowCam device for
acquiring the digital images of phytoplankton
particles in a sample, with the ZooImage Rpackage2, which allows identifying and counting

phytoplankton in a semi-automated way (Grosjean
and Denis, 2013).

1

2

https://www.fluidimaging.com/

Materials and Methods
Sampling strategy
The CAMANOC cruise was a multidisciplinary
survey within the framework of an ecosystem
approach to fisheries. It was conducted from
September 16 to October 12, 2014, in the Western
and Central English Channel, on-board the R/V
“Thalassa” (IFREMER). Water samples were
collected at 89 sampling stations at subsurface
(<0.5m), using a 5-L Niskin bottle. These samples
were maintained cold (4°C) and in the dark until
their analysis.
Imaging-in-flow system
Samples were digitized using an 8-bit grayscale
benchtop FlowCam® VS with the pump speed set
to 1.8 ml.min-1. A 4X objective (40X overall
magnification) coupled with a 300μm-depth flowcell was used and samples were run in
“AutoImage” operation mode. As described by
Zarauz et al. (2007), all particles in the field of
view of the camera (phytoplankton, zooplankton
and inorganic particles) are imaged and captured at
a regular user-defined interval, which allows an
accurate estimation of imaged volume and
consequently of particle concentration.
The specific software program, provided with the
FlowCam device and named VisualSpreadSheet, is
essential for all the major aspects of analysis: setup
for data acquisition through the context settings for
controlling the device, managing files and setting
preferences, data acquisition and post-processing
of collected data. For each particle, we obtain a set
of 26 image parameters: 8 basic shape parameters
(area, length, width, etc.), 13 advanced
morphological parameters (circularity, convexity,
roughness, etc.) and 5 grayscale measurements
(intensity, transparency, etc.). The rest of the
process, from image processing to statistical
analysis, is done using the version 5.5.2 of the
ZooImage R-package.
Training set and classifier
Building a training set is a crucial step in the
automated recognition of plankton. Indeed, it
represents the database used to generate a tool for
automated or semi-automated recognition. Within
this study, a training set representative of each
plankton community met in the English Channel,
https://cran.r-project.org/web/packages/zooimage/
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was built using samples taken throughout 2013 (in
the frame of the Ifremer Regional Nutrients
Monitoring network) and 2014 (in the frame of the
CNRS LOG DYPHYRAD monitoring transect). A
total of 3582 images were manually classified in 28
plankton groups. Moreover, instead of manually
removing detrital particles and artefacts as is
commonly done (Zarauz et al., 2007), we added 12
groups for floating dark and light dead particles,
bubbles, fibers, etc. to the 28 plankton groups in
order to automatically identify and then eliminate
them from the statistics. Finally, 5154 images were
sorted into 40 groups. From this training set, a
classifier is trained using the “Random Forest”
algorithm (Breiman, 2001). Global error measured
by using 10-folds cross-validation is equal to 25%
for this training set.
Adaptive learning
Phytoplankton communities are sensitive to
environmental and climate changes and
modifications in their composition can occur at fast
rates, which can lead to significant prediction
errors when a static training set is used. Indeed, the
representativeness and the variability of the
particles into each group in the training set can
have an important impact on the classification
results. However, in order to build an ideal training
set, a large number of labelled particles is needed,
but also requires a lot of time, human resources and
skills. To overcome this problem, adaptive learning
improves a simple training set by adding labelled
items taken from a pool of candidates.
This pool is composed of particles belonging to
samples taken in the same experimental conditions
than the studied one, and already validated by an
expert. These “contextual” data allow to adapt the
training set temporally and geographically to the
phytoplankton communities generally encountered
in the studied area and consequently to reduce the
initial prediction error by 20-30%. In this study,
one sample was selected every 2 days and all
particles were manually labelled and validated.
These particles were added to the initial training set
in order to build an adapted recognition tool which
is then used to classify the samples of the next 2
days.
Semi-automated validation
Performance scores obtained by completely
automated classification are often considered too
low to provide relevant abundances for all groups.
Therefore, it is necessary to validate these
predictions (Gorsky et al., 2010). However, the

validation of all predictions can be tedious and
time-consuming if the sample size is important. In
the ZooImage package, sophisticated techniques
for semi-automated recognition are proposed. This
allows a less biased estimation of abundance
without having to manually validate all images.
In this context, the images which must be validated
are detected by the automated classification system
on the basis of a probability of a correct prediction
for each particle. Once the images validated, the
error can be modelled in order to perform statistical
corrections. This approach offers an ideal trade-off
between the full-automated method and the total
manual validation while guaranteeing similar or
better performances of recognition within an
acceptable time. Moreover, the statistical
correction of the remaining errors associated to the
adaptive learning method, allows decreasing the
global error more rapidly than with the initial
training set.
Single cell counts
Usually, with automated acquisition systems like
FlowCam, IFCB, flow cytometry, etc., colonies are
considered and subsequently counted as one single
particle, the same as single cells. Moreover,
although colonies contribute largely to annual
productivity, all biomass estimators are essentially
calibrated on abundance in terms of single cells per
volume unit. That is why the automated counting
of the number of single cells in the various colonial
forms represents a real challenge.
The proposed method consists in building specific
predictive models for each studied group, based on
the manual counts made on images contained in the
training set. For this, a multivariate analysis was
performed thanks to a simple linear modelling.
Results and Discussion
HABs distribution in the English Channel
An
important
spatial
heterogeneity
in
microphytoplankton distribution was observed all
along the sampling area. In order to highlight
specific areas for the potential HABs and the
associated spatial distribution, a clustering method
was applied to their abundances. The Partitioning
Around Medoids algorithm (PAM) showed 3
distinct areas (Figure 1):
•

Western English Channel (WEC) where HABs
were essentially characterized by Pseudonitzschia genus;
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•
•

Central English Channel (CEC) with high
abundances of dinoflagellates (Prorocentrum
genus) and haptophytes (Phaeocystis genus);
Bay of Seine (BOS) where the highest
abundances
of
Pseudo-nitzschia
and
Prorocentrum genera were observed.

Microscopy comparison and single cell counts
In order to validate these results, a comparison with
the abundances obtained by microscopic counts
was performed in some stations in the WEC, and
especially for the most abundant genus which is
Pseudo-nitzschia. As shown on Figure 2, the raw
abundance (i.e. with colonial forms) estimates
obtained with the FlowCam were always lower
than counted with the inverted microscope, for
which all cells were counted, whether they be in a
colonial or a single cell form.

CEC

BOS

WEC

Fig. 2. Comparison between cell abundance obtained
by microscopy (dashed line) and FlowCam with () and
without single cell enumeration for Pseudo-nitzschia
genus in some stations in WEC.

The results presented in this study highlight the
need and the relevance of the combination of the
automated process and the integration of some
expert knowledge. However, in order to lead to
more accurate discrimination, an optimization of
training sets and algorithms, associated with the
improvement of the resolution of the digital
images, is still needed. Moreover, it is important to
note that the ZooImage package, and consequently
all the (semi-)automated tools presented in this
study, can also be used on images acquired by
various automated systems, like ZooScan, IFCB,
etc.
Table 1. Spearman’s rank correlation coefficient
between Pseudo-nitzschia abundances obtained by
microscopy and by FlowCam analysis, considering
colonial forms or single cells counting.
Comparison

Fig. 1. Variability of the abundances (particles.L-1) of
each harmful genera during the CAMANOC cruise.

However, despite this under-estimation, a
significant Spearman’s rank correlation coefficient
was found between Pseudo-nitzschia FlowCam
and microscopic counts (Table 1).
After application of the specific predictive model
for Pseudo-nitzschia, the overall dynamics of
abundance obtained by microscopy and FlowCam
were similar (Figure 2). In addition, an increase of
the correlation coefficient was observed.

Spearman

p-value

Colonial form

0.74

< 0.05

Single cell

0.79

< 0.05
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Abstract
Two innovative automated techniques were used to track phytoplankton spatial and temporal variability in the
Eastern English Channel (EEC) and Southern North Sea, during three consecutive cruises in spring 2017, in
the frame of local/national monitoring programmes in France, Belgium and the Netherlands. The cruises
started after the onset of spring blooms in the EEC and followed their development along the EEC towards the
southern North Sea, during one month. Our study aimed at: (i) applying multi-spectral fluorometry (MSF) and
pulse shape-recording flow cytometry (PSFCM) to characterize Pseudo-nitzschia spp. and Phaeocystis
globosa, which contribute to spring blooms in the area; (ii) highlighting the patchiness and sharp variability in
abundance and chlorophyll a fluorescence (used as a proxy of biomass) of these species; (iii) studying the
relation between nutrient loads and the extension of these potential HABs.
Both MSF and PSFCM revealed spatial heterogeneity in the distribution of phytoplankton groups. The MSF
detected Phaeocystis globosa up to 80% of the total biomass in the French Region of Freshwater Influence
(ROFI) named as the “Coastal flow”, the Dover Strait and the Dutch estuarine plumes whereas “brown Algae”
(diatoms and dinoflagellates) represented always more than 60% of the total biomass in the Bay of Seine and
the Thames estuary. PSFCM showed high abundance (7.0 × 104 cell mL-1) of P. globosa life stages along the
French coast, the Dutch coastal and estuarine waters, up to the Wadden Sea. Pseudo-nitzschia spp. were very
abundant in the “coastal flow”, from the Bay of Somme to the Dover Strait and along the Dutch ROFI (under
the direct influence of Westerschelde and Rhine estuaries), reaching up to 3.0 × 10 3 cell mL-1. Validation of
the results was carried out by microscopic observations and counts.
Keywords: Automated pulse shape-recording flow cytometry, Multispectral fluorometry, Harmful Algal
Blooms, High Frequency phytoplankton monitoring, Pseudo-nitzschia spp., Phaeocystis globose, North Sea,
Eastern English Channel
Introduction
The Eastern English Channel (EEC) and the
Southern North Sea (SNS) are influenced by
Atlantic waters entering from the West into the
English Channel. Several rivers bring freshwaters
with nutrients inputs defining Regions of
Freshwater Influence (ROFI) along the French,
Belgian, U.K. and Dutch coastal systems. Some of
these estuarine waters flow towards the North Sea
(residual current) along the French coast resulting
in a brackish “coastal flow” (Brylinski et al., 1991).
During spring, important nutrient loads together

with the increase in irradiance are responsible of
outbursts of phytoplankton species. In the EEC and
SNS, spring blooms are characterized by diatoms
and, in most locations, by Phaeocystis globosa.
Thus, two potential HAB forming species were
characterised in these areas: Phaeocystis globosa
(foam-aggregates) and some species of the genus
Pseudo-nitzschia (toxin producers). These areas
benefit of long-term monitoring at fixed stations
coupled with seasonal cruises. Unfortunately, the
techniques used are most of the time applied at low
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frequency (monthly or bi-monthly) and can miss
occurrences and patches or extreme events.
For a decade, automated and innovative techniques
including pulse shape-recording automated flow
cytometry
(PSFCM)
and
multi-spectral
fluorometry (MSF) have allowed continuous
recording/profiling in coastal and open sea systems
as a complement of the existing monitoring in the
area (e.g. Bonato et al., 2015; 2016). They lead to
higher resolution (spatial and/or temporal) than
those which can be achieved by applying reference
techniques (i.e. microscopy, HPLC).
Automated techniques were applied to characterize
HABs and monitor changes in abundance and
biomass in phytoplankton communities. These
automated approaches therefore represent a
significant improvement for implementing the
monitoring programme of the European Marine
Strategy Framework Directive (MSFD).
Materials and Methods
Study area
Samples were collected during three cruises in
spring 2017: April 21st to 30th, PHYCO-CNRS
cruise on board the R/V “Côtes de la Manche”,
May 4th to 8th, LifeWatch-VLIZ-cruise on board the
R/V “Simon Stevin” and May, 12th to 15th, RWS
Spring cruise on board the R/V “Zirfaea”.
These cruises were planned in the frame of local
programmes as the CPER MARCO French project,
European projects JERICO-Next H2020 and
LifeWatch as well as part of the Dutch national
monitoring of coastal and marine waters and
French
national
preliminary
work
for
implementing the monitoring of pelagic habitats in
the frame of the MSFD. According to
phytoplankton
observations
from
current
monitoring within the partners involved, spring
blooms start earlier in the EEC than in the SNS
(Lancelot et al., 1987). Our sampling strategy
followed the same chronology. Water was pumped
continuously from approximatively 3 m-depth and
passed through an automated pulse shaperecording flow cytometer (PSFCM, CytoSense,
CytoBuoy b.v.) to record and count particles every
10 min. Depending on the speed of the ship, we
obtained a spatial resolution from 1.5 to 3.7 km. At
94 stations, water column was also investigated by
reference measurements (pigments, nutrients),
multi-spectral fluorometry (MSF, FluoroProbe,
bbe Moldaenke) profiles or discrete surface and
bottom measurements, as for PSFCM.
Multispectral fluorometry (FluoroProbe, bbe
Moldaenke).

Because the water column is well-mixed, we
focused on the sub-surface data. The MSF aims at
discriminating spectral groups of algae based on
their pigment’s composition following the specific
excitation spectrum (composed of 6 Leds) and
corresponding emission of chlorophyll a
fluorescence. Here, the FluoroProbe was set up to
discriminate four spectral groups: “BlueGreen
algae” (phycocyanin-containing cells such as
Cyanobacteria), “Cryptophytes” (phycoerythrincontaining cells mainly Cyanobacteria and
Cryptophytes), Phaeocystis (Haptophytes) and
“Brown algae” (cells with fucoxanthin-derived
pigments including diatoms and dinoflagellates).
The Phaeocystis fingerprint was defined on
cultures and during a massive bloom of the
recorded in the EEC (Houliez et al., 2012).
Automated flow cytometry (CytoSense, CytoBuoy
b.v.)
The PSFCM characterize particles according to
their optical signature from 1 µm to 800 µm (width)
and a few mm (length). The intersection of the 5µm
laser beam (488 nm) and each particle generate a
pulse shape, itself composed of five signals
according to the internal and/or external
composition of the particles. The Forward Scatter
(FWS) is associated with the size of the particle by
calculating the length of this FWS. Size calibration
was done using 3 and 10 µm fluorescent beads. The
Sideward Scatter (SWS) is related to internal
and/or external component such as chloroplast,
vacuole, nucleus or calcites plates. The signal is
also composed of three types of fluorescence: Red
as a proxy of chlorophyll a, Orange and Yellow for
phycoerythrin and phycocyanin proxy. We set a
low trigger level on the red fluorescence in order to
separate photosynthetic-active seston and the
detritus and non-living particulate matter. The
discrimination of each group was processed taking
into account the amplitude and the shape of the five
signals. The discrimination between groups was
processed manually with CytoClus® software
(CytoBuoy b.v.). The software provides also
several mathematical features on each signal (e.g.
Length, Total, Average...) increasing the number of
possible combinations.
Results and Discussion
Deployments of the MSF showed high chlorophyll
a concentration in the French brackish coastal
waters (“coastal flow”), from the north of the Bay
of Seine until the Dover Strait, the Dutch estuarine
plumes and the Wadden Sea, where Phaeocystis
represented more than 80% of the total biomass
(Figure 1). At some places (e.g. French coast of the
EEC, Dutch estuarine plumes), the Phaeocystis
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fingerprint could be considered as a quasi
monospecific bloom formation (Anderson et
al., 1998).
In the Thames and the Seine plumes, chlorophyll a
estimated concentration was lower than in the
“coastal flow”. Those estuarine influenced areas
were characterized by Brown Algae (diatoms and
dinoflagellates) representing always more than
60% of the total biomass (Figure 1) and the
Phaeocystis proportion was higher in the Thames
plume than the Bay of Seine.

Table 1: Cytometry groups discriminated by
PSFCM and their estimated size (after calibration
with beads).
Group
Synechococcus
Picoeukaryotes
Phaeocystis globosa-like
Cryptophytes
Coccolithophores
Pseudo-nitzschia spp.
Microphytoplankton

Size ± sd (µm)
1.99 ± 0.45
3.01 ± 0.42
5.40 ± 1.22
5.27 ± 2.47
7.06 ± 2.31
18.87 ± 4.78
33.45 ± 10.25

Significant correlations were found between
optical microscopy and PSFCM for Pseudonitzschia spp. (r = 0.39*** considering samples
from PHYCO and RWS cruises and r = 0.77***
only for RWS cruise), P. globosa (r = 0.75***) and
between Phaeocytis red fluorescence and
Phaeocystis by CHEMTAX (ρ = 0.70*** for
LifeWatch-VLIZ cruise). The spring blooms were
clearly dominated, in terms of abundance, by
nanophytoplankton groups, especially P. globosa
(data not shown).

Fig. 1: Spatial distribution of the 4 spectral groups
identified by MSF during the spring 2017 cruises.

Up to seven groups were characterized by PSFCM
during the three cruises (Table 1): two of those
groups concerned potential HAB: Phaeocystis
globosa-like, Pseudo-nitzschia spp.
Previous work enabled us to characterize the
optical cytometric signature of P. globosa in the
EEC/SNS during massive spring blooms (Rutten et
al. 2005, Guiselin 2010, Bonato et al. 2016). As
observed by Guiselin (2010), P. globosa can be
subdivided into three groups, two haploid groups
with a size around 3µm and two kinds of red
fluorescence (low and high) and one diploid stage
with very high red fluorescence content and a size
around 4-6µm. In our study, those three life stages
were grouped together to form P. globosa-like
group. All nanophytoplankton was defined as
Phaeocystis in our study, even though other
nanoeukaryotes were most probably present too.
In our study, a supplementary group was
characterized, showing two symmetric chloroplasts
based on the signature profile. This optical
signature was compared with culture of Pseudonitzschia spp. shape file, which were similar to
those collected during the cruise.

Fig. 2: Spatial distribution of the potential HABs
discriminated groups by the PSFCM during the spring
2017 cruises

High total abundance and biomass was evidenced
along the French coast, starting from the Bay of
Somme and then going towards offshore waters of
the SNS, but also off along the Dutch estuaries and
coast up to the Wadden Sea.
P. globosa-like was very abundant nearby the
Rhine estuarine mouth. Abundance reached more
than 7.0 × 104 cell mL-1 and the cells were mainly
from the haploid stages. Along the French coast of
the EEC, P. globosa-like reached 4.0 to 5.0 × 104
cell mL-1. Drifted by the residual current through
the Strait of Dover we found the same range of
abundance in offshore waters of the southern North
Sea (Figure 2). Therefore, populations of the Rhine
estuarine mouth and the French coast do not seem
to be connected.
Pseudo-nitzschia spp. was very abundant in the
French “coastal flow”, from the Bay of Somme to
the Dover Strait and along the Dutch ROFI and
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coast (Figure 2). Abundance was higher along the
Dutch coast than in the Strait of Dover. However,
we found a succession of high and low abundance
generating patchiness of abundance along the
coast, from the Bay of Somme to Wadden Sea.
High Si:DIN (Dissolved Inorganic Nitrogen) ratios
were measured in the coastal area of the Rhine and
Scheldt ROFI. Thus, silicate oversupplies the area
and can be taken up by Pseudo-nitszchia spp. This
suggests a potential limitation of nitrate for the
development of Phaeocystis globosa.
Along the French coast, the Bay of Seine and
Normandy coasts were characterized by a high Si:P
ratio whereas at the Opale coast (“coastal flow”),
phosphorus was limited over DIN (High DIN:P).
High Si:P is suitable for diatoms development
whereas the potential phosphorus limitation in the
French EEC favors a bloom of colonial P. globosa
form (Veldhuis and Admiraal, 1987).
In summary, innovative techniques successfully
characterized Pseudo-nitzschia genus and/or P.
globosa oubursts, which contribute greatly to the
spring blooms in the EEC-SNS area. They were
able to highlight patchiness and sharp variations in
abundance and fluorescence of potential HABs. A
major improvement will focus in the future on the
automated identification of more HABs taxa.
Identifying optical signatures can lead to a better
and/or an automated characterization of particles
by semi-supervised classification based on PSFCM
features and optical profiles (R package
« RclusTool3 » Wacquet et al., this volume). Thus,
coupling those tools and implementing automated
techniques (e.g. PSFCM improved with automated
image acquisition and MSF) during cruises on
Research Vessels, ships of opportunity and/or
automated moorings or fixed platforms could
increase the detection of HABs and better
understand the fine spatial and temporal dynamics
(JERICO-NEXT project). By increasing the
sampling frequency, automated techniques would
represent early warning systems of HAB blooms
for environmental management.
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Abstract
A key question when modeling harmful algal blooms is: where do blooms start? Here we combined a
previously developed, spatially explicit individual-based model (IBM) for Karenia brevis with a satellite
imagery ensemble model to identify patches of K. brevis that may serve as seed populations in the southern
Gulf of Mexico. We focused on the region north of the Yucatan peninsula, Yucatan, Mexico to identify
potential K. brevis populations, which were then used to seed the IBM and track the cells through time.
Individuals were tracked from ~1 Jul through 31 Dec (~180 days) and the arrival of a sustained presence of
cells (i.e. consecutive days with cells present) at the coast of Texas was compared with a 10-year time series
of abundance captured with an Imaging FlowCytobot (IFCB) at Port Aransas, Texas, USA. The IFCB captures
images of all phytoplankton cells (10-150 m) and has provided early warning for 8 harmful algal blooms,
specifically Dinophysis ovum and K. brevis. Modeled cells were allowed to vertically migrate in the water
column to maximize their access to light and nutrients, but there was no cell division and no cell death. Two
different, highly simplified, nutrient fields were tested, one based on salinity (nutrient concentration increases
with decreasing salinity) and one based on mixed layer depth (nutrient concentration increases with depth;
MLD). To account for randomness associated with each individual cell, each year was tested with multiple
model runs and the results averaged. In 2015, a bloom of K. brevis was identified at Port Aransas on 14 Sept.
Retrospective analysis of the satellite imagery indicated the potential presence of a patch of K. brevis north of
the Yucatan Peninsula on 12 July. Cells were seeded in this region of Mexico and tracked forward in time. The
first sustained presence of modeled cells in the region near Port Aransas occurred between 7 - 18 Sept,
dependent upon how the nutrient field was derived. Model runs utilizing the MLD-based nutrient field were
better at capturing the timing of arrival while those utilizing the salinity based nutrient field appeared to better
capture the bloom dynamics once the bloom had arrived. Results varied by year, with the starkest difference
being 2010, when no large bloom of K. brevis was observed along the coast of Texas. Results from the model
utilizing a salinity based nutrient field indicated a large bloom, with cells arriving in mid-September. In
contrast, the results utilizing a MLD-based nutrient field indicated no cells until mid-November, well beyond
the typical start period for a bloom in Texas (September-October). As the true nutrient field is much more
complex than those used here, the incorporation of better nutrient fields could greatly improve future results
and the potential for forecasting of blooms.
Keywords: individual-based model, Karenia brevis, Dinophysis ovum, harmful algal bloom, Gulf of Mexico
Introduction
In the Gulf of Mexico, harmful algal blooms
(HABs) are predominantly caused by Karenia
brevis and Dinophysis spp. (Campbell et al. 2010;
Steidinger et al. 1998.). Additionally, other toxic
phytoplankton exist in the Gulf of Mexico (e.g.
Pseudo-nitzschia spp. and Prorocentrum spp.) but
are not as prevalent, or have not, to date, formed a
HAB, (Henrichs et al. 2013; Parsons et al. 2013).
K. brevis is a toxic dinoflagellate capable of
forming large blooms that can last for >1 year. The
neurotoxin produced by K. brevis, brevetoxin, can

become aerosolized at the coast, resulting in
respiratory irritation in humans as well as mortality
of fish and marine mammals. Identifying the source
of blooms could provide useful information about
the conditions necessary for bloom formation. In
particular, blooms of K. brevis occur in both
Florida and Texas but the coastal dynamics of each
coast differ greatly. Previous modelling results
from a spatially explicit, individual-based model
(IBM), developed specifically for K. brevis,
indicated that K. brevis blooms in Texas originate
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from the southern Gulf of Mexico in the Bay of
Campeche region (Henrichs et al. 2015). This is
consistent with historical records of K. brevis
occurrence in Mexican waters ranging from the
northern Yucatan peninsula all the way to the
Mexico/U.S. border (Magaña et al. 2003).
Satellite imagery has predominantly been used to
provide information about the chlorophyll content
of the ocean over a wide spatial range. An
ensemble model of satellite imagery based on three
different optical methods was developed by
Tomlinson et al. (2009) for detection of K. brevis
in the Gulf of Mexico. Results from the ensemble
model indicated that K. brevis could be present in
the southern Gulf of Mexico during the summer
months. To determine whether these patches of
possible K. brevis could be transported north
toward the Texas coast we utilized the previously
developed IBM for K. brevis to track cells across
the Gulf of Mexico. In 2015, a bloom of K. brevis
was identified at Port Aransas on 14 September.
Retrospective analysis of the satellite imagery
indicated the potential presence of a patch of K.
brevis north of the Yucatan Peninsula on 12 July.
Unfortunately, there are no in situ field data
available for the central Gulf of Mexico and it is
unknown whether K. brevis was present on the
northern coast of the Yucatan. Using results from
the satellite imagery ensemble model for K. brevis,
regions of the Gulf that frequently produced
positive hits for K. brevis were identified and used
to seed the IBM with cells and track their
movement over time to determine whether these
seed populations could serve as bloom initiation
populations. By comparing the results from the
IBM with cell counts collected by the Imaging
FlowCytobot
(IFCB;
McLane
Research
Laboratories) station in Port Aransas, Texas, which
has been deployed since 2007 (Campbell et al.
2010, 2013), we evaluated whether the IBM can be
combined with satellite imagery to produce a
longer term early warning forecast for K. brevis at
the Texas coast.
Materials and Methods
Satellite imagery
Data products from the ensemble model for K.
brevis were evaluated and regions of suspected K.
brevis patches identified. The model uses three
different optical methods to identify patches of
suspected K. brevis including a chlorophyll
anomaly, relative particulate backscatter, and the
changes in spectral shape of the 490nm
wavelength. Based on image outputs from the
ensemble model, early July was identified to be an
important time for patches of suspected K. brevis

near the Yucatan peninsula. However, satellite
imagery was not consistently available for this
exact time period each year (e.g. cloud cover).
Therefore, we focused on identifying regions
where cells are frequently identified and seeded
this same region for each model year run (blue box;
Fig. 1).

Fig. 1. Map of the study region in the western Gulf of
Mexico. The filled red box indicates the Port Aransas,
Texas region where cells were counted for the time
series produced by the individual-based model. The
blue box marks the bounding area for cells seeded in
the model. All cells started the model within this
region.

Individual-based model
The IBM of Henrichs et al. (2015) was used for
hindcasting blooms of K. brevis. The model tracks
individual cells that are capable of swimming
vertically in the water column in order to maximize
access to nutrients (nutrient uptake) and light
(photosynthetic rate). Cell death and cell division
were turned off for all of the model runs in order to
track all of the cells from start to end. Seven years
of data were modelled to see if differences in cell
tracks between bloom years and non-bloom years
could be identified. Model runs began ~ 1 July and
ran until 31 December. A time series of cell
abundance from the IFCB at Port Aransas, Texas
was compared with a time series of abundance
produced by the IBM. Cells were seeded inside the
blue box (Fig. 1) at several starting depths and
tracked forward through time. Any cell entering the
filled red box near Port Aransas, Texas were
counted toward the total cell abundance for as long
as the cell remained within the red box (Fig. 1). The
time step of the model was 3 minutes and cell
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abundance data were summarized once per model
day.
Two different nutrient profiles were tested in the
model, one based on the mixed layer depth (MLD)
and one based on salinity. The MLD profile
contains low nutrient concentration at the surface,
increasing concentration with depth, and a
nutricline at the MLD. The salinity based profile
contains higher nutrient concentrations at lower
salinities, in order to approximate incoming river
discharge, and background nutrient concentrations
at higher salinities.
Tracks of cells were maintained and used to
visualize the path taken by each cell during the
model run. Since individual cell parameters
stochastically vary among cells, replicate runs
(n=3) were conducted for each nutrient profile, for
each year. Time series of cell abundance indicate
the mean ± 1 SD.

Fig. 3. Time series of Karenia brevis cell abundance at
Port Aransas, Texas in 2010 from data collected by the
IFCB (top), model runs using a mixed layer depth
nutrient profile (middle), and model runs using a
salinity based nutrient profile (bottom). Dark red lines
and light red shading indicate the mean ± 1 SD,
respectively, for modelled data.

Fig. 2. Time series of Karenia brevis cell abundance at
Port Aransas, Texas in 2015 from data collected by the
IFCB (top), model runs using a mixed layer depth
nutrient profile (middle), and model runs using a
salinity based nutrient profile (bottom). Red arrow
indicates the timing of actual cell arrival (data is offscale). Dark red lines and light red shading indicate the
mean ± 1 SD, respectively, for modelled data.

In 2015, a bloom year for K. brevis in Texas, cells
of K. brevis were first observed in Port Aransas, on
14 September (red arrow; Fig. 2). The timing of
arrival of cells was captured well using the MLD
based nutrient profile while the salinity based
nutrient
profile
showed
cells
arriving
approximately two weeks early (Fig. 2). One
striking difference between the two model runs was
the abundance of cells indicated. While the model
is not designed to capture the absolute magnitude
of the true bloom abundance, the relative
magnitude of the peaks within a model run should
be informative. The salinity-based run indicated a
high abundance bloom early on (September – midOctober) with cells decreasing after mid-October.
The MLD based run indicated the opposite result,
with cells arriving in low abundance early on and
increasing in abundance during the November –
December.

Results and Discussion
The modelled time series of cell abundance at Port
Aransas, Texas varied from year to year with the
largest difference in timing of arrival observed with
the nutrient profile based on MLD.
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shows the tracks of cells from that region whose
path passed through the red box near Port Aransas,
Texas (Fig. 1) at any point. Modelled cells starting
from a small region (approx. 90°W, 22°N) north of
the Yucatan were transported to the Texas coast
and arrived near Port Aransas, Texas ~3 days prior
to the actual bloom (Figs. 3, 4). Further work is
needed to better parameterize the nutrient profile
for the model domain and in situ data on bloom
occurrence in Mexico is necessary to validate the
imagery and improved model initiation. Additional
coastal observatories throughout the western Gulf
of Mexico would greatly aid in model validation
and early warning.
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Abstract
Harmful algal blooms (HABs) are related to the proliferation of micro-algae in marine ecosystems. HABs are
increasingly reported over wider geographical regions including the South China Sea. To gain more insight
about the distribution of HABs species along the east coast of the Malaysian peninsular, a metagenomic
approach was adopted in this study. A total of 30 subsurface water samples were collected by a submersible
pump and filtered through a 15-micron net from 30 sampling sites during a 10-day research cruise on RV
Discovery in August 2016. Saline-ethanol preserved samples were used to extract the environmental genomic
DNA and analyzed using an Illumina MiSeq platform. Phytoplankton community composition was assessed
by metagenomic analysis from the sequences of the V9 region of the 18S ribosomal DNA. A total of 69 taxa
of phytoplankton species were identified. HABs species were identified from these locations. The paralytic
shellfish toxin-producer Alexandrium tamiyavanichii was found to be widely distributed in the region. Nine
species of Alexandrium were newly identified in the area (A. affine, A. andersonii, A. fraterculum, A. leei, A.
margalefii, A. monilatum, A. ostenfeldii, A. insuetum, and A. tamerense). Several ichthyotoxic species were
confirmed genetically, these included Margalefidinium polykrikoides, Karlodinium veneficum, and
Chattonella sp. Azadinium dexteroporum and Protoceratium sp. were found but with low relative abundances
at selected sites. This study provides useful baseline data on the distribution and occurrence of HAB species
along the east coast of the Malaysian peninsular.
Keywords: Alexandrium, Azadinium, Karlodinium, small subunit ribosomal DNA, South China Sea
Introduction
The occurrence of harmful algal blooms (HABs)
increased worldwide (Hallegraeff, 2003), the South
China Sea is also concerned. These events are
threatening human health and socio-economic
activities. In Malaysia, HABs events are mainly
associated with paralytic shellfish poisoning (PSP)
and blooms of Pyrodinium bahamense have been
reported almost every year in the west coast of
Sabah, Malaysia Borneo (Lim et al., 2012; Usup et
al., 2012).
Two other PSP-toxins producing dinoflagellate
species were observed in the waters of Malaysia,
viz. Alexandrium tamiyavanichii and Alexandrium
minutum. The species A. tamiyavanichii was first
reported to cause intoxication in mussel farms in
1991 (Usup et al., 2002) and it was subsequently
reported to cause PSP incidents in 2013 and 2014
(Mohd Noor et al., 2018).

In 2001, a bloom of A. minutum was observed that
caused six victims that were hospitalized and a
death (Lim et al., 2004). An unprecedented bloom
of this species recurred in 2015 (Lau et al., 2017).
Algal blooms that caused massive fish kill events
in aquaculture farms have also been documented in
Malaysian waters, such as a Karlodinium australe
bloom in the western Johor Strait in 2014 and 2015
(Lim et al., 2014; Teng et al., 2016) and blooms of
Margalefidinium polykrikoides in Sabah (Anton, et
al., 2008).
Current monitoring efforts in the country have
relied on conventional microscopic observation of
the harmful algae in selected sites of Malaysian
water. This is labor-intensive, time-consuming and
required expertise in microalgal identification,
which may be insufficient and often required
further evidence to provide a definitive conclusion.
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Over the past decades, molecular tools, with
increased accuracy and throughput rate, have been
developed to substitute the conventional
microscopy methods (Medlin 2013). Among the
molecular techniques applied in HAB monitoring,
metagenomic approaches are reliable and fast, and
have been widely used for comprehensive
taxonomic profiling and elucidation of functional
genes of microbial communities in the environment
(Kunin et al., 2008), as well the marine and
freshwater ecosystems (Logares et al., 2014; Sze et
al., 2018; Reza et al., 2018).
In this study, the distribution and relative
abundance of HAB species along the east coast of
the Malaysian peninsular, offshore of the South
China Sea, was investigated by a metagenomic
survey using the Illumina Miseq system.
Materials and Methods
Samples collection
Phytoplankton samples were collected from 30
stations during the National Scientific Cruise
Expedition aboard the RV discovery in August
2016. The Sampling route covered coastline of the
east coast of the Malaysian peninsular towards the
offshore of South China Sea. Subsurface seawater
samples (225 L) were collected by using the
submersible water pumping system with the water
flow rate of 0.9 L/s. Phytoplankton samples were
concentrated with a 15 µm-mesh plankton net,
followed by filtration with a 0.2 µm pore-size nylon
membrane filters. The filters were preserved in 10
mL of modified saline ethanol (Miller and Scholin,
2000) and kept at -20°C until further analysis.
Environmental DNA extraction, amplification,
and sequencing
The saline ethanol-preserved samples (1 mL) were
used for environmental genomic DNA isolation
(Toyobo Mag Extractor Plant Genome kit, Japan).
The V9 region of the small subunit ribosomal
rDNA was amplified with a pair of eukaryotes
specific primers, 1391F (Lane, 1991) and EuKB
(Medlin et al., 1988). The gene was amplified
(PEQlab, Germany) and paired-end sequencing
was performed on the Illumina Miseq platform.
Bioinformatics analysis
The paired-end reads of the sequences were
trimmed with cutadapt (Marcel, 2011) and
assembled using PEAR (Zhang et al., 2014),
followed by Prinseq (Schmieder and Edwards,
2011). The operational taxonomic units (OTUs)
were clustered (at least 20 reads) using SEARCH
(Edgar, 2017) at a similarity threshold of 97%.
Chimeric sequences were removed in this analysis.

Taxonomic assignment for the OTUs was
performed using NCBI Blast+ (Altschul, et al.,
1990) against Silva (https://www.arb-silva.de) and
an E-value cut off of 10-3 was used.
Phylogenetic analyses were performed to
determine the relationships amongst OTUs.
Multiple sequence alignments were performed
using the Clustal-X program (Thompson, et al.,
1997) and BioEdit sequence alignment editor ver.
6.0.7 (Hall, 1999). Phylogenetic analyses were
carried out using MrBayes ver. 3.2.6 (Huelsenbeck
and Romqiost, 2001) for Bayesian inference to
estimate the phylogeny.
Results and Discussion
The paired-end sequencing performed in this study
generated a total of 1,831,822 assembled pairedend reads that were corresponding to 1,784,115
unique sequences. Following the sequence filtering
and chimera removal analyses, the result yielded
1,541,770 unique sequences. Taxonomy clustering
with Blast analysis clustered 9,265 OTUs with 110
to 500 bp in range.
A total of 69 taxa of phytoplankton species were
identified from the OTUs. Several known and
potential HAB species were identified from this
study. The PST-producer A. tamiyavanichii was
found to be widely distributed offshore of the east
coast of the Malaysian peninsular (Figs. 1, 2). This
species is considered a highly toxic species among
the PST-producing dinoflagellates due to its high
toxin quota (200 fmol cell-1, Ogata et al., 1990; Lim
et al., 2006). The cell density of only 20-40 cells L1
of A. tamiyavanichii in the water column is
sufficient to pose a warning of shellfish poisoning.
The results also revealed the distributions of nine
additional species of Alexandrium including A.
affine, A. andersonii, A. fraterculum, A. leei, A.
margalefii, A. cf. monilatum, A. ostenfeldii, A. cf.
insuetum and A. cf. tamarense (Fig. 1). This
discovery brings the currently known number of
Alexandrium species in Malaysian waters to at least
twelve (Usup et al., 2002; Lim et al., 2005; Leaw
et al., 2005).

Fig. 1. Species composition of Alexandrium and other
harmful species.
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It is interesting to note that A. minutum which
commonly bloomed in the Geting Lagoon, Tumpat,
a semi-enclosed lagoon (Lim, et al., 2004; Lau et
al., 2017), was not detected in the dataset of this
study. This result showed that the species is likely
to occur only in semi-enclosed coastal waters as
reported by other studies (MacKenzie and Berkett,
1997; Matsuoka, et al., 1997; Maguer, et al., 2004;
Lim, et al., 2004) or in other seasons.
Several ichthyotoxic micro-algal species were also
found
in
the
dataset:
Margalefidinium
polykrikoides, Karlodinium veneficum, and
chattonella sp. The azaspiracid toxin-producer
Azadinium dexteroporum was also found, but with
low relative abundances (Fig. 1) and was only
detected on stations SM25, 41, 53, and 55.

Fig. 3. Bayesian phylogenetic tree showing the
relation-ship amongst the OTUs (in red bold).

Conclusion
Metagenomic data from this study have provided a
fast and reliable tool for risk assessment of HABs,
and the data obtained in this study constitutes a
useful baseline inventory of the distribution and
occurrence of HABs species along the east coast of
the Malaysian peninsular. Environmental factors
regulating the distribution and dispersion of HABs
species in the water have to be investigated.
Acknowledgments
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Abstract
A bi-weekly monitoring of environmental parameters and microphytoplankton assemblages was conducted in
the well-preserved Mellah lagoon ecosystem (south western Mediterranean). Sampling was performed at 3
stations in 2016. We aimed to study the evolution of the phytoplankton community with a focus on harmful
species in relation with the environmental characteristics. Phytoplankton of Mellah Lagoon was characterized
by a mixture of marine, brackish-water and freshwater taxa. In all of the stations, 227 species of phytoplankton
were identified (160 diatoms and 53 dinoflagellates). The overall mean phytoplankton abundance was higher
at station A (2.24·105 cells l-1, early September) and B (2.98·105 cells l-1, early October) near of marine inputs,
compared to station C (1.73·105 cells l-1, early June) located in the south of the lagoon. Diatoms dominated in
spring and dinoflagellates developed in summer and early autumn in the Mellah. The dynamic of the
phytoplankton in Mellah was influenced by temperature and salinity. For the first time, a number of potentially
toxic species have been identified, including 2 diatom species: Pseudo-nitzschia delicatissima-group (max.:
2.52·103 cells l-1), Pseudo-nitzschia seriata-group (max.: 700 cells l-1) and 6 dinoflagellate species:
Alexandrium minutum (max.: 1.42·103 cells l-1), Alexandrium tamarense/catenella (max.: 1.35·103 cells l-1),
Dinophysis acuminata (max.: 180 cells l-1), Dinophysis sacculus (max.: 120 cells l-1), Akashiwo sanguinea
(max.: 7.20·103 cells l-1), Prorocentrum lima (max.: 110 cells l-1). Even the abundances of the HABs species
were relatively low in Mellah lagoon, they could potentially form blooms in the coming decades at the favor
of warming and trophic status changes observed in Mediterranean marine systems. Monitoring program of
HABs species must be established to gain more insight in the development of potentially toxic species and the
toxins produced.
Keywords: phytoplankton, HABs species, structure, Mellah lagoon, south western Mediterranean
Introduction
The lagoons are singular ecosystems, zones of
transition between land and sea. Lagoon
environments constitute about 13% of the world's
coastlines (Larras 1964; Barnes 1994).
The intensity and frequency of harmful
phytoplankton blooms in coastal ecosystems has
continued to increase (Glibert et al., 2005;
Anderson et al., 2008; Heisler et al., 2008). The
multiplication of episodes of toxic algal blooms
and their health and economic consequences justify
the rise of research on this phenomenon. In recent
years, harmful algal blooms have caused great
economic loss to fisheries and aquaculture because
of public health problems caused by toxic
dinoflagellates (Matsuoka & Fukuyo, 2000). The
development of toxic species leads each year to the

closure of many aquaculture plants (mussels,
oysters, clams). Indeed, some phytoplankton
species (mainly dinoflagellates) produce powerful
toxins that can be concentrated in the food chain
mainly by filtering molluscs. The toxins
accumulate in the tissues of filtering bivalves up to
sometimes lethal concentrations for humans.
The Mellah Lagoon, the only lagoon ecosystem in
Algeria with its environmental and economic
interests, is a site to explore further. Fish and
shellfish farming are practiced in this lagoon. The
phytoplankton of this ecosystem has been studied
only in one occasion (Draredja, 2007). The
objective of this work is to study the evolution of
the microphytoplankton community with a focus
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on Harmful Algal Blooms (HABs) species in
relation to the environmental conditions.
Materials and Methods
The Mellah lagoon is located in the northeast of
Algeria (36°54'N 8°20'E) far of all sources of
pollution, within a protected natural reserve (Fig.
1). The lagoon (8.65 km2) communicates with the
sea by a long and narrow channel. During 2016, a
monitoring program of microphytoplankton and
physico-chemical
parameters
(temperature,
salinity, dissolved oxygen, pH and suspended
matter) was carried out fortnightly in 3
representative stations in the lagoon (Fig. 1).
France

Mediterranean lagoons (Dell’Anno et al., 2002;
Bernardi-Aubry et al., 2004; Ifremer, 2006),
Mellah appears less rich in nutrients. So we class it
among Mediterranean lagoons meso oligotrophic
(OECD, 1982). The low level of nutrients of the of
the Mellah lagoon waters results in a moderate
seasonal biomass in chlorophyll-a (between 0.70
and 5.45 µg l-1) (Table 1), compared to other
Mediterranean lagoons (Triantafyllou et al., 2000;
Nuccio et al., 2003; Bernadi Aubry & Acri, 2004;
Solidoro et al., 2004).

Italy

Spain

Morocco

Algeria

Tunisia

Mediterranean Sea

N
N

A

Mellah
lagoon
Mellah
lagoon

B

C

1Km

Fig. 1. Location of the Mellahlagoon and position of
sampling stations.

Nutrient (NO3, NO2, NH4, PO4) and Chlorophylla analyses, were carried out by spectrophotometry.
Microphytoplankton was sampled in surface
waters, where a volume of 50 liters of water was
filtered through a plankton net (20 µm mesh size)
and fixed with neutralized formalin (4%). Both the
identification and counting of phytoplankton (cells
l-1) were performed with an inverted light
microscope (Leika 750 PM).
Statistical analyses were performed using R,
version 3.4.2 (R Core Team, 2017) developed for
Windows by (Ihaka & Gentleman 1996).
Results and Discussion
The seasonal values of environmental parameters
are reported in Table 1. Unlike most

In total, 227 microphytoplankton species belonging
mainly to diatoms (160 species) and dinoflagellates
(53 species), were inventoried in the Mellah
lagoon. In this list of species, we found height
potentially HAB species (2 diatoms and 6
dinoflagellates) (Table 2). The lagoon was
characterized by a clear dominance of diatoms
(63%) compared to dinoflagellates (37%). This
trend is observed in many Mediterranean lagoons
(Tolomio et al., 1999; Bernardi Aubry & Acri,
2004), but also in Algerian coastal marine waters
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(Frehi, 1995; Illoul, 2014). The overall mean
phytoplankton abundance was higher at St.A
(223.99·103 cells l-1, early September) and St.B
(298.41·103 cells l-1, early October) near marine
inputs, compared to St.C (173.13·103 cells l-1, early
June) under land influence (Fig. 2, I).
Proliferations of harmful species as Akashiwo
sanguinea at St.C (7.20·103 cells l-1, end of June),
were noted in summer (Fig. 2, II). This species is
toxic to several models with a hemolytic effect (Xu
et al., 2017). Other potentially neurotoxic species
as Alexandrium minutum at St.B (1.42·103 cells l-1,
early June) and A. tamarense/catenella at St.A
(1.35·103 cells l-1, early February) were observed in
winter and spring respectively (Fig. 2, II). The
abundance of these HAB species remained
relatively low, but they could potentially form
blooms in the future at the favor of warming and
trophic status changes affecting Mediterranean
waters (Benedetti, 2016; Karidis & Kitsiou, 2011).
Other HAB species were present (Table 2) but
poorly represented (< 700 cells l-1). They included
Prorocentrum lima, Dinophysis sp. and Pseudonitzschia spp., responsible of DSP and ASP
syndromes. The distribution of these HAB species
is very similar in the three stations prospected (Fig.
2, II), hence the role of the hydrodynamic action in
the lagoon.
The Pearson analyses showed that the
microphytoplankton densities in the Mellah lagoon
were positively correlated with temperature (0.46
to 0.56) and salinity (0.16 to 0.43), p<0.05. Finally,
unlike the majority of Mediterranean lagoons,
which are eutrophic, the Mellah lagoon is
distinguished by its meso oligotrophy, due to its
remoteness from any source of pollution.
Despite the meso oligotrophy of the Mellah lagoon
specific microphytoplankton richness (227
species) is higher than some eutrophic
Mediterranean lagoons.
The proliferation of dinoflagellates coincides with
the warming of the waters and the increase of the
Mellah waters salinity during the summer season.
A regular dredging of the channel must be
established to improve the water exchange between
the Mellah and Mediterranean Sea to stabilize the
quality of lagoon waters and to increase
phytoplankton species diversity.

Fig. 2. Abundance (cells l-1) of total
microphytoplankton (I) and harmful species (HABs)
(II) in the Mellah waters (2016).
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Table 2. Check list of potentially harmful species
(HABs) encountered in Mellah lagoon (2016). (M:
marine species, L: lagoon species).
DIATOMOPHYCEAE (Rabenhorst, 1864)
PENNATE DIATOMS
Bacillariaceae Ehrenberg, 1831
Pseudo-nitzschia delicatissima-group (Cleve) Heiden, 1928
(M)
Pseudo-nitzschia seriata-group (Cleve) H. Peragallo, 1899
(M)
DINOPHYCEAE (G.S. West & Fritsch, 1927)
DINOPHYSALES (Lindemann, 1928)

Bernardi Aubry, F., Acri, F. (2004). J. Mar. Syst.,
51, 65-76.
Bernardi-Aubry, F., Breton, A., Bastianini, M.,
Socal, G., Acri, F. (2004). Cont. Shelf Res., 24,
97-115.
Dell’Anno, A., Mei, M.L., Pusceddu, A.,
Danovaro, R. (2002). Mar. Pollut. Bull., 44, 611622.
Draredja, B. (2007). phD thesis. Univ. Annaba
(Algeria), 225pp.
Fréhi, H. (1995). phD thesis. Univ. Annaba
(Algeria), 160 pp.

Dinophysiaceae Stein, 1883
Dinophysis acuminata Claparède & Lachmann, 1859 (M)
Dinophysis sacculus Stein, 1883 (M)

Glibert, P.M., Anderson, D.M, Gentien, P.,
Granéli, E., Sellner, K.G. (2005). Oceanography,
18, 130-141.

GYMNODINIALES Lemmermann, 1970

Heisler, J., Glibert, P., Burkholder, J., Anderson,
D.M., Cochlan, W., Dennison, W.C, Dortch, Q.,
Gobler, C.J., Heil, C., Humphries, E., Lewitus, A.,
Magnien, R., Marshall, H., Sellner, K., Stockwell,
D., Stoecker, D., Suddleson, M. (2008). Harmful
Algae, 8, 3-13.

Gymnodiniaceae Lankester, 1885
Akashiwo sanguinea (K. Hirasaka) G. Hansen & Ø. Moestrup,
2000 (M, L)
PERIDINIALES Haeckel, 1894
Gonyaulacaceae Lindemann, 1928
Alexandrium tamarense/catenella (Lebour, 1925) Balech,
1995 / (Whedon & Kofoid) Balech, 1985 (M)
Alexandrium minutum Halim, 1960 (M)
PROROCENTRALES Lemmermann, 1910
Prorocentraceae Stein, 1883
Prorocentrum lima (Ehrenberg) F. Stein, 1878 (M)

Microphytoplankton of the Mellah lagoon is
dominated by diatoms. The presence of HABs
species related to PSP, DSP and ASP syndromes
stresses the need to implement a monitoring
program to detect the related toxic species order to
prevent any human intoxication due to the
consumption of contaminated shellfish.
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Abstract
Monthly monitoring conducted from May 2014 to March 2018 at the center of the Seto-Inland Sea of Japan
revealed a dominant occurrence of the harmful alga Vicicitus globosus, mostly in May. This alga was most
abundant in 2014, and absent in 2016 when diatoms dominated. To understand the factors that might lead to
V. globosus bloom, a principal component analysis (PCA) was conducted, using data sets collected in May for
four years. In the PCA biplot, a cluster of data obtained in 2014, in which V. globosus dominated, and that
obtained in 2016, in which diatoms dominated, were distantly separated. The 2014 biplot cluster was associated
with increases in salinity and light intensity on the sea surface, while the 2016 cluster was negatively associated
with these variables, but positively correlated with PO4-P and Fv/Fm. Precipitation was highest in 2016 and
lowest in 2014, resulting in higher riverine PO4-P and higher Fv/Fm in the plankton community. These
conditions were favorable for diatoms and unfavorable for V. globosus. The opposite result was observed in
2014, where conditions unfavorable for diatoms mainly due to decrease in riverine nutrients input, which may
have created an ecological niche for V. globosus domination.
Keywords: diatoms, oligotrophication, precipitation, principal component analysis, PO4-P
Introduction
The Seto-Inland Sea of Japan is the largest inland
sea stretching over the western part of Japan (Fig.
1a) and was once heavily eutrophicated. As a
result, severe red tides had occurred and caused
serious fish kills (SFCO, 2018). Recently, nutrients
that cause eutrophication, including inorganic
nitrogen, have been decreased due to a strict law,
and now the sea has been reported to be undergoing
an oligotrophication process (Tanda et al., 2014).
Red tide incidences have constantly decreased
from peak period during the 1970s of 200―300
cases per year down to approximately 100 cases per
year currently. However, incidences of fish
mortality have not been reduced as expected, and
7―19 cases were reported in the recent decade
(SFCO, 2018).

The silicoflagellate Vicicitus globosus was once
recognized as a raphidophycean species,
Chattonella globosa, but is now classified as
Dictyochophyceae (Chang et al., 2012). This
flagellate co-occurred with other harmful red tide
species, e.g., Pseudochattonella verruculosa or
Heterosigma akashiwo, and has been suspected to
cause negative impacts onto the fisheries of New
Zealand and Norway (Chang and Mullan, 2014;
Lømsland et al., 2013). In the center of the SetoInland Sea of Japan, Bingo Nada, V. globosus
formed a red tide with Pseudochattonella
verruculosa (Chattonella verruculosa) in 2006
associated to fish kills (Kawaguchi et al., 2007).
Recently, in this area, V. globosus has occurred
from late spring through early summer, with

Ph. Hess [Ed]. 2020. Harmful Algae 2018 – from ecosystems to socioecosystems. Proceedings of the 18th Intl. Conf. on Harmful
Algae. Nantes, International Society for the Study of Harmful Algae. 214 pages. ISBN: 978-87-990827-7-3.

68

suspected negative effect on fisheries observed in
2006.
In this study, a statistical analysis by using four
years of data sets obtained from our sampling was
carried out to reveal which environmental factors
could lead to V. globosus bloom in this region.
Materials and Methods
Field sampling
Monthly monitoring has been conducted in Bingo
Nada (Fig. 1a) at stations shown in Fig. 1b from
May 2014 to March 2017. At each station, vertical
profiles of water temperature, salinity and upward
photosynthetically active radiation (PAR) were
measured by sensors installed in a CTD (DS5,
Hydrolab) at 0.5 m depth intervals. Based on the
upward PAR versus depth, a diffuse attenuation
coefficient (k) was determined. Water samples
from 1, 3 and 10 m depths were collected with a
Van Dorn water sampler and subjected to chemical
analysis (i.e., inorganic nutrients) or biological
analysis (i.e., chlorophyll a, phytoplankton
occurrence and photosynthesis activity of
phytoplankton community). Dissolved inorganic
nitrogen (DIN; NO3+NO2+NH4-N), PO4-P and
SiO2-Si were analyzed using a nutrient
autoanalyzer (SWAAT, BLTEC) in the laboratory.
Extracted chlorophyll a concentrations were
determined fluorometrically. Populations of each
phytoplankton species were counted under a light
microscope. Maximum quantum yield of
Photosystem II (PS II) (Fv/Fm) of phytoplankton
communities was measured by a pulse amplitude
modulation fluorometer (Water-PAM, Heinz
Walz).

Fig. 1. (a) A map of Japan showing the Seto-Inland Sea
and Bingo Nada; (b) A map of Bingo Nada showing
locations of the stations. The maps were created by
using Ocean Data View (Schlitzer, 2018).

Meteorological data
Based on hourly global solar radiation recorded at
the Western Region Agricultural Research Center,
the National Agriculture and Food Research
Organization (NARO, Fig. 1b), an averaged PAR

value for each month was calculated and then used
to represent potential PAR reaching the sea surface.
Monthly hours of sunlight and precipitation were
obtained from the meteorological station at
Fukuyama City, Hiroshima (Fig. 1b).
Data analysis
A principal component analysis (PCA) was
performed using R statistical software (ver. 3.5.1,
R Core Team, 2018). Eight environmental
variables [i.e., water temperature, salinity, diffuse
attenuation coefficient, inorganic nutrients (DIN,
PO4-P, SiO2-Si), monthly averaged PAR],
chlorophyll a concentration and Fv/Fm were used
in this analysis.
Results and discussion
Population dynamics of V. globosus
V. globosus occurred from April to September in
Bingo Nada, predominantly in May. The maximum
cell density was 117 cells mL-1 on May 13, 2014,
which was lower but similar to that recorded in
2006 (145 cells mL-1) when notable fish kills had
occurred (Kawaguchi et al., 2007).
Proportions of V. globosus
Fig. 2 shows the proportions of phytoplankton taxa
in May, consisting of diatoms, dinoflagellates,
raphidophytes, and others as well as V. globosus
obtained by using Ocean Data View (Schlitzer,
2018). In May 2014, V. globosus dominated at all
the stations, and its cell density was highest among
the four years (34―117 cells mL-1). Similarly,
except at St.3 in 2015, V. globosus cell density
surpassed other taxa at all the stations in 2015 and
2017, while it was low (0―2 cells mL-1) in May
2016 when diatoms dominated at all the stations
with higher cell densities compared to those of
other years (18―184 cells mL-1). Consequently, V.
globosus seemed to be competing with diatoms in
Bingo Nada.
Environmental factors
Table 2 shows the environmental parameters
recorded in May when the dominant occurrences of
V. globosus were observed. There were no obvious
variations in water temperature, salinity, k or
chlorophyll a (chl. a) even in comparison between
the years. However, slightly lower salinities were
observed in 2015 and 2016 than in
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Fig. 2. Proportions of cell density (sum of the water
column) for phytoplankton taxa in May from 2014 to
2017. Diatoms, green; dinoflagellates, orange;
raphidophytes, purple; V. globosus, red; others, white.

Table. 2. Range (minimum – maximum) of
environmental parameters recorded at 5 or 6
stations in May, from 2014 to 2017 when dominant
occurrences of V. globosus were observed.
temperature
(˚C)
salinity
k
DIN
(μmol L-1)
PO4-P
(μmol L-1)
SiO2-Si
(μmol L-1)
chl.a
(μg L-1)
Fv/Fm

2014

2015

2016

2017

16.16 –
17.30
32.51 –
33.04
0.30 –
0.44
0.4 –
12.6

16.91 –
18.70
31.22 –
32.23
0.29 –
0.55
0.9 –
19.2

16.45 –
17.16
31.36 –
32.42
0.19 –
0.44
0.3 –
15.2

16.56 –
18.04
32.24 –
33.15
0.31 –
0.69
0.4 –
4.9

0.0 – 0.2

0.0 – 0.2

0.0 – 0.4

0.0 – 0.2

8.4 –
22.9
3.54 –
13.91
0.40 –
0.63

16.7 –
29.7
1.78 –
6.50
0.42 –
0.62

12.7 –
31.1
1.88 –
7.91
0.63 –
0.80

12.0 –
25.0
2.53 –
14.71
0.41 –
0.66

the other years, indicating that levels of inflowing
river water to the sampling sites were higher. Due
to this riverine water, levels of DIN were higher in
these two years than those in other years, and PO4P levels were higher in 2016. Silicate levels were
sufficient for diatoms; Si/N ratios were constantly
higher than the consensus level of 1. Fv/Fm values
of the phytoplankton community were notably high
in 2016 when diatoms dominated, which may have
been caused by increased inorganic nutrients due to
greater riverine inflow.
Principal component analysis
Fig. 3 shows a principal component analysis biplot
loaded with data obtained at every sampling depth
of the stations or surface light (S-Light; monthly
averaged PAR) and k of the water

Fig. 3. Principal component analysis biplot of a certain
depth of stations, recorded in May of 2014 (red circle),
2015 (blue circle), 2016 (green circle) and 2017
(orange circle), including eigenvectors of
environmental factors, chl. a and Fv/Fm.

columns at the stations, which were recorded in
May in 2014 (red circle), 2015 (blue circle), 2016
(green circle) and 2017 (orange circle). PC1
(32.19% of the variance) is positively correlated
with water temperature and SiO2-Si, and negatively
correlated with S-Light and salinity, which may
show the degrees to which riverine water causes
increases in SiO2-Si loading and decreases in
salinity and influence of cloudy weather (decrease
in S-Light).
In this biplot, the clusters of the sampling station or
depth are each discriminated by years. In
particular, the cluster of 2014, in which V. globosus
dominated, and that of 2016, in which diatoms
dominated, are distantly separated. The clusters of
2015 and 2017 were positioned between those of
2014 and 2016. Such obvious discrimination of the
clusters, which extend horizontally in the biplot, is
associated with interannual differences on
precipitation and sunshine hours in April and May
of each year (Fig. 4). The year 2014 was
characterized with longer sunlight hours (Fig. 4a)
and less precipitation (Fig. 4b), while 2016 had
shorter sunlight hours and greater precipitation in
April. As a result, the cluster of 2014 in the biplot
was positively associated with increases in salinity
and S-light, while the cluster of 2016 was
negatively correlated with these variables. Higher
precipitation in 2016 brought riverine PO4-P and
resulted in higher Fv/Fm of the plankton
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community. These conditions were favorable for
diatoms to grow and unfavorable for competitors,
such as V. globosus. The year 2014 was the
opposite of 2016; conditions were unfavorable for
diatoms, mainly due to the decrease in riverine
nutrients, and they created an ecological niche for
V. globosus domination.
The relationships between the occurrence of V.
globosus and nutrient concentrations or the
occurrence of diatoms have previously been little
studied (Kawaguchi et al., 2007; Chang and
Mullan, 2014; Lømsland et al., 2013). If indeed
such environmental conditions lead to the decline
of diatoms, causing a bloom of the harmful
flagellate V. globosus, more flexible wastewater
management of the Seto Inland Sea than the current
control, for example, changing regulation values of
nutrients by season, might be required. Needless to
say, further investigation of the factors associated
with blooming of V. globosus is required.
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Fig. 4. (a) Hours of sunlight and (b) precipitation in
April and May from 2014 to 2017.
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Abstract
The diatoms species belonging to Pseudo-nitzschia H. Pergallo, 1900 genus are extensively studied because
many of them are responsible for amnesic shellfish poisoning (ASP) via the production of domoic acid (DA).
Pseudo-nitzschia species are important members of the phytoplankton community and are regularly reported
in the Adriatic Sea. We present first results from an 18-month study, in which cultures were established from
single cells sampled monthly in the northernmost part of the Adriatic Sea, the Gulf of Trieste (GOT). Thirtyfive cultures were identified morphologically with transmission electron microscopy (TEM) and molecularly
by screening the rbcL region of the chloroplast genome. Based on the phylogenetic reconstruction seven
species were identified: P. calliantha, P. fraudulenta, P. pungens, P. mannii, P. delicatissima, P. galaxiae and
P. multistriata. This is the first genetic recognition of P. multistriata in this region, thus we speculate it has
spread from southern and neighbouring regions in the Adriatic where it was previously identified as an
introduced species. Most cultured strains belonged to the P. calliantha clade. Toxicity tests were carried out
on five strains and low toxin concentration (0.22 fg DA/cell) was detected in a single strain of P. multistriata.
We revealed some seasonal patterns of Pseudo-nitzschia distribution in the GOT. While some species tend to
occur only in particular seasons (i.e. P.multistriata from early autumn to late winter, P. fraudulenta and P.
delicatissima mainly in spring), others, such as P. calliantha, seem to be present throughout the year.
Keywords: Pseudo-nitzschia, domoic acid, seasonality, phylogeny, Gulf of Trieste
Introduction
Some species of the genus Pseudo-nitzschia show
cosmopolitan distribution while others are more
localized (Bates et al., 2018). With increasing
marine traffic and environmental change, species
that are generally developed to particular localities
may proliferate in other regions via anthropogenic
introduction / bio-invasion (Mozetič et al., 2017).
Inter-annual and seasonal dynamics of Pseudonitzschia spp. have been studied for decades in the
Gulf of Trieste (GOT) (Cabrini et al., 2012) but the
formal species identification is still lacking due to
morphological similarities between members of the
genus and limitations of optical microscopy used in
routine monitoring surveys. Precise identification
can only be achieved with dedicated investigation
using electron microscopy and/or genetic
identification. Moreover, the genus’ genetics and
phylogenetic relationships are proving to be
complicated, with many cases of cryptic species
within distinct clades (Amato et al., 2007; Lelong
et al., 2012; Lundholm et al., 2006). In the northern
Adriatic,
Pseudo-nitzschia
species
occur

throughout the year with recognizable seasonal
peaks in late autumn and early spring and recently
also in summer (Cabrini et al., 2012; Ljubešić et al.,
2011). Shellfish monitoring schemes from different
coastal areas of the northern Adriatic, including
Slovenian sites of aquaculture (unpublished data)
have occasionally reported the presence of domoic
acid (DA) in shellfish, however it was always
found at low concentrations and the source was not
identified (Marić et al., 2011; Pistocchi et al.,
2012). The true causative agent of the toxicity has
not been yet identified, since the community is
usually not monospecific and many species are
known to produce DA toxin under some
conditions. The most commonly reported species
is P. calliantha that has also been linked to the
production of DA (Marić et al., 2011), however this
was not proved in culture experiments. Other
species that have been reported include P.
delicatissima, P. pseudo-delicatissima, P. mannii,
P. pungens, P. fraudulenta, P. subfraudulenta, P.
galaxiae and P. multistriata (Cabrini et al., 2012;
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Pistocchi et al., 2012). The Adriatic strain of P.
multistriata was also found to produce DA, albeit
at low concentrations of 0.003pg/cell (Pistocchi et
al., 2012), however given its small size and
relatively low numbers in the natural environment
it is unlikely that this species is contributing to
toxicity found in shellfish.
While phytoplankton abundance seems to be
declining in the GOT, which is linked to
oligotrophication due to decreased river runoff and
the improvement of waste water treatments
(Mozetič et al., 2010), Pseudo-nitzschia abundance
seems to be increasing throughout whole NA
according to a 30-year long time series data (Maric
Pfannkuchen et al., 2018). Here we report a
comprehensive study of Pseudo-nitzschia in the
GOT based upon morphological and genetic
characteristics revealed by transmission electron
microscopy (TEM), and screening of the rbcL
gene. Insights in the toxicity and seasonality are
presented as well and potential introduction ways
are discussed.
Materials and Methods
Sampling, culturing and microscopy
Sampling was carried out monthly between October 2016 and March 2018 in the south-eastern part
of the GOT. Cultures were established from
isolates obtained from 20µm phytoplankton net
tows. Nets were hauled five times vertically from
the sea bottom (17m) at the sampling station near a
Slovenian shellfish farm (Figure 1). The
concentrated sample was observed under the Zeiss
Axio Observer Z1 inverted light microscope, from
which cells or cell chains were serially diluted in
order to obtain a monoclonal culture. The isolates
were kept in 50 ml Erlenmeyer flasks at a 12:12
photoperiod regime at 70 µmol m-2s-1 and 20°C.
Cultures were transferred into fresh media (which
media ??) every 2 weeks throughout the study
period. Some strains also died off due to natural
progression. In parallel to net hauls, seawater
samples were also taken and analysed under
inverted light microscope (LM) for monitoring
purposes (National monitoring program of toxic
phytoplankton in Slovenian shellfish farms).
Cultures were cleaned and prepared for TEM using
nitric and sulphuric acid as described in the
Assemble protocol by Percopo & Sarno
(http://www.assemblemarine.org/assets/Uploads/Documents/tool-box/).
Cleaned cultures were loaded onto carbon coated
copper grids and examined under TEM (Philips
CM 100). Images were taken using the Bioscan
CCD camera Gatan, using Digital Micrograph
software. Despite little species resolution based on

cell counts of Pseudo-nitzschia spp., we were able
to report on seasonal patterns that were resolved
from field observations and culturing attempts.
DNA processing
During the first fortnight the growth of the strains
was monitored and when the growth curve reached
the stationary phase 10 mL of the culture was
collected and DNA was extracted using the
E.Z.N.A Mollusc DNA kit (Omega Bio-Tek).
DNA quality and quantity were checked with
electrophoresis and measured fluorimetrically.
DNA was stored at -20°C until further processing.
Primers for the rbcL region Rbcl1_mod and
RbcL7_mod (Jones et al., 2005) were used in PCR
under standard conditions. Both the forward and
reverse strands were sequenced in all samples
using l1F and l1R primers (Amato et al., 2007).
PCR products were visualised on an agarose gel
against a standard ladder. Successful amplicons
were purified and sent for sequencing to Macrogen
Inc.
Phylogenetic inference
Contigs were assembled using ChromasPro (v.
2.1.8) and subjected to BLAST searches.
Phylogenies were reconstructed using MrBayes
v.3.2.6 (Ronquist et al., 2012).
Toxicity
Toxin (DA) analyses of four selected strains were
carried out using the Liquid Chromatography-Mass
Spectrometry (LC-MS) method by the National
Reference Laboratory for Marine Biotoxins,
Cesenatico, Italy.
Results and Discussion
The sampling campaign resulted 38 strains that
were isolated and cultured. At least one strain of
each species reported here was investigated using
TEM, to confirm its morphological identity. The
exception is P. galaxiae, of which DNA was
extracted and sequenced, however TEM was not
used due to the early death of cultured strains and
the inability to obtain sufficient material. We were
able to obtain 32 rbcL sequences.
While the best barcoding marker is ITS2 (Moniz &
Kaczmarska, 2009) because of its smaller size
relative to rbcL, highly populated database and the
fact that it can be used as a mating compatibility
predictor based on compensating base changes
(Amato et al., 2007), our data shows very good
species resolution even with rbcL. Furthermore,
ITS is usually subjected to lower amplification and
sequencing success, which could be connected
with intragenomic variability of this marker (Orsini
et al., 2004) or contamination of cultures with small
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chlorophytes, which was also often observed in our
samples.

Fig. 1 TEM micrographs of the identified species. A)
P. multistriata (strain 51216), 13500x. B) P.
fraudulenta (strain 217-A1), 10500x. C) P.
delicatissima (strain 240417), 19000x. D) P. calliantha
(strain 281016-A2), 19000x, E) P. mannii (strain 817C1), 13500x. F) P. pungens (strain 41217-A1), 4600x.

The phylogenetic tree (Fig. 2) revealed that our
strains belong to seven species. The well described
variability in P. pungens (Lim et al., 2014) is
captured by our analysis and it places our
P. pungens strains in clade I sensu Lim et al.,
(2014), which is expected. Likewise, strains
belonging to the P. delicatissima group cluster into
the widely-distributed clade A/2 sensu QuijanoScheggia et al., (2009). Perhaps the most
interesting is the clustering of the two P. galaxiae
strains isolated in the GOT, which are placed into
two distinct clusters (P. galaxiae III and galaxiae
V, this study), although they both have low
posterior probabilities. The exceptionally high
intraspecific diversity of this species is well known
(Cerino et al., 2005; McDonald et al., 2007;
Ruggiero et al., 2015). Ruggiero et al. (2015)
identified 45 distinct ribotypes, forming four
ribogroups. Here we see that there are five clusters
present, although they do not all have high support.
It is worth noting that the two strains A1G and
A2G, separated by four base changes, were isolated
on the same day. Therefore, we predict these strains
to be reproductively isolated. Unfortunately, we
were unable to obtain sequences of these strains,
nor were the differences distinguishable with LM
and thus we cannot provide further morphological
variability. Peculiarly, the two strains were both
representative of the medium morphotype (sensu
Cerino et al. 2005). In accordance, they were both
found to produce chains. Strain A2G was
somewhat smaller and thinner; however, the
culture was in a bad shape and is therefore difficult
to draw conclusions from this. They both

Fig. 2 Bayesian inference phylogeny of the rbcL marker
(GTR + I + G, ngen =5000000). Numbers in nodes
represent posterior probabilities of the branches.

share the same LSU sequence (not shown), but are
distinct in rbcL, which is in accordance with
Ruggiero et al., (2015).
We can draw some conclusions on seasonality
based on observations and isolation dates (strain
names are named after the isolation date coupled
with a strain identifier). Particularly, for
P. multistriata, which is easily identifiable with
LM, and was only observed and isolated in the
winter months (from November to February). This
is in accordance with the clonal libraries
constructed in Ruggiero et al., (2015) in the Gulf of
Naples, although they also reported summer peaks
of this species, which we have not registered. The
isolation of P. fraudulenta was successful only in
February in two successive years, which is in total
compliance with Ruggiero et al., (2015) who also
registered this species only in February. Similar
species were observed with TEM also in other
seasons; however, no successful cultures were
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established. Finally, a toxic strain of P. multistriata
(131216_C) was identified with TEM and 28S (not
shown). The domoic acid content in culture was
low but detectable (0.2 fg/cell). This is an order of
magnitude less than the previously identified toxic
P. multistriata in the Adriatic (3fg/cell; Pistocchi et
al., 2012). This is the first genetic confirmation of
P. multistriata in the region, albeit it is not
surprising as it was reported from nearby areas as
well as northern Adriatic ports before (Mozetič et
al., 2017). This work represents the first
comprehensive survey of the Pseudo-nitzschia
species diversity in the GOT and will be followed
by more detailed examinations in population
genetics, ecology and seasonal patterns.
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Abstract
Blooms of toxic epibenthic are associated with harmful effects on human health and the environment. In the
Gulf of Gabès (south-eastern Mediterranean Sea), the toxic epibenthic dinoflagellate Prorocentrum lima was
recorded as a common component of epiphytic assemblages, observed in the water column and attached on
various substrates. The present work provides the spatiotemporal survey of P. lima on different substrata (Ulva
rigida, stones, sediment and biofilm) during one-year observation from March 2015 to February 2016, in five
stations at five stations selected among the regular monitoring sites along the Gulf of Gabès coast. The
relationships between physico-chemical parameters and P. lima abundance were investigated. A post-hoc test
(SNK) revealed a significant difference between stations and substrates. P. lima was most abundant at the
Skhira site (S6). This station was characterized by high ammonium concentration. At S6, it was most abundant
in the biofilm in March, September and January, on the stones during February and August and in the sediment
in January and March. High relative abundance of P. lima was preferentially hosted by stones for all sampling
sites. The seasonal variability of P. lima was influenced by temperature and nutrients particularly ammonium.
Keywords: P. lima, Ulva rigida, stone, sediment
Introduction
Prorocentrum lima (Ehrenberg) Stein is the most
commonly reported benthic
species
of
Prorocentrum. It has been reported as
cosmopolitan and has been identified at various
locations ranging from temperate to tropical
latitudes (Nagahama et al., 2011). P. lima is a toxic
species, it was described to produce okadaic acid
(OA) and its related derivatives (dinophysis toxins,
DTXs) (Hoppenrath et al., 2013). In the Gulf of
Gabès, P. lima was a common component of
epiphytic assemblages. It was observed in the water
column (Loukil-Baklouti et al., 2017) and attached
to various substrates such as angiosperms and
macroalgae (Ben Brahim et al., 2013; Moncer et
al., 2017). This study aims to examine the
spatiotemporal distribution of P. lima on different
substrates (sediment, biofilm, U. rigida and stones)
during one year of sampling at five monitoring sites
along the Gulf of Gabès coast.
Materials and Methods
Study area
This study was carried out in the Gulf of Gabès
(South-eastern Mediterranean) extending from Ras
Kapoudia to the Tunisian-Libyan border. Samples
(sediment, biofilm, macroalgae (U. rigida) and

stone) were collected monthly from March 2015 to
February 2016 at five monitoring sites along the
Gulf of Gabès (S1, S2, S6 for Sfax and G2, G3 for
Gabès) (Fig. 1).

Fig. 1. Location of sampling stations (S1: El Aouabed;
S2: Tabia; S6: Skhira; G2: Gabès Harbour; G3: Zarrat).

Sampling and water analyses
Biofilm and sediment were sampled by means of a
plastic core sampler (5 cm diameter). The top cap
from the core was removed and the biofilm was put
in a bottle. 1 g sediment was suspended in 100 mL
of filtered seawater and then filtered using 0.45-μm
filter membranes (Loukil Baklouti et al., 2017). U.
rigida was collected and placed in a plastic bag.
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The collected materials, 200 g of U. rigida were
washed in 1L of filtered seawater (Ben Brahim et
al., 2013). Stones with a diameter between 15-20
cm and without filamentous algae were selected.
The upper parts of the stone were brushed with a
toothbrush and were washed with 200 mL of
filtered seawater (Çolak Sabanci, 2013). All
recuperated water samples were fixed with
formaldehyde (3‰). Microalgal enumeration was
conducted according to Utermöhl (1958) using 10
mL sedimentation chamber under an inverted
microscope (Nikon Eclipse TS100). Temperature,
pH, and salinity were measured in situ using a kit
(Multi 3400 i/SET). Inorganic nutrients (nitrite,
nitrate, ammonium, orthophosphate and silicate)
were analyzed with a BRAN-LUEBBE type 3
autoanalyser (APHA, 1992).

sediment at S2 (91 ± 42 cells L-1) and S6 (18 ± 39
cells L-1).
For U. rigida, the maximum abundance of P. lima
(733 ± 170 cells g−1 FW) was detected at G3 in
December. P. lima was present at low abundance
(80 ± 33 cells g−1 FW) at S6 probably caused by the
ability of Ulva to inhibit the proliferation of
harmful microalgae. Indeed, Tang and Gobler
(2011) and Ben Gharbia et al. (2017) showed
negative allelopathic effect of U. rigida on P. lima
in co-culture laboratory experiments.

Data analysis
The Student-Newman-Keuls (SNK) post hoc test
was performed for post hoc multiple comparisons
of means). Cochran’s C test was used before each
analysis to check the homogeneity of the variance
and data; were log (x+1) transformed when
necessary (Underwood, 1997). The similarity of P.
lima abundance between different substrates was
analyzed using cluster analysis. The hierarchical
agglomerative clustering analysis (Clarke and
Warwick, 2001) used the routine “CLUSTER” of
Excel Abundance of P. lima was related to
environmental factors by means of principal
component analysis (PCA).
Results and Discussions
Spatiotemporal distribution of P. lima
The Spatiotemporal distribution of P. lima in
different substrates is illustrated in figure 2. P. lima
abundance varied in function of stations and
substrates along the studied period. The highest
abundance was recorded in the biofilm and the
sediment during January, on stone during February
and on U. rigida during November and December
(fig. 2). During spring, P. lima was not fixed on the
stones.
On the stones, the maximum abundance of P. lima
was (850 ± 108 cells cm-2) at S6.
P. lima was present with low abundance in the
Biofilm (100 ± 82 cells L−1), collected at Skhira in
July and December, whereas its maximal
abundance (833 ± 94 cells L−1) (mean ± SD) was
recorded during March at the same station. In the
sediment P. lima maximal abundance was at S6
station in January (3800 ± 455 cells g-1 FW).
Loukil-Baklouti et al. (2018) recorded P. lima as
present mostly in the biofilm rather than in

Fig. 2. Spatiotemporal distribution of P. lima in study
area in different substrates

Cluster analysis
The cluster analysis between different stations
showed 3 groups (fig. 3 A): the first group GI was
composed of stations S1, S2 and G2; the second
group GII was encompassed only one station (G3)
with the maximum concentration recorded on U.
rigida. The third group GIII was composed of
station S6 with the maximum abundance of P. lima
in sediment, biofilm and stone.
In fact, stations S2, G2 were influenced by
industrial activity involving the manufacture,
storage, use of chemicals including petrochemicals
phosphate treatment, tannery, and plastic plants
(Bejaoui et al., 2004), while station S6 was affected
by petroleum pollution from the transport harbor
(Loukil-Baklouti et al., 2018).
The foreshore of G3 is very extensive without
evident anthropogenic source of pollution and is
considered as not polluted (El Zrelli et al., 2018).
The cluster analysis between substrates (fig. 3 B)
showed 3 groups. The first group GI was composed
of stone and biofilm. The second group GII was
represented by the sediment. The third group GIII
was corresponded to U. rigida. This classification
depends of the affinity of P. lima to the host
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support. For instance, macroalgae can inhibit
microalgae by creating competition for nutrients
and by allelochemical effects (Tang and al., 2014).

Fig. 3. Degree of similarity between (A) different
stations and (B) substrates in terms of mean abundance
of P. lima.

SNK test on the distribution of P. lima in different
substrates
Post-hoc test (Table 1) was used to classify the
order of affinity of P. lima to all stations with
substrates. It revealed a significant difference
between stations and substrates. The station 6 was
discriminated from the all sampled stations where
the highest abundance was recorded for sediment,
biofilm and stone. For U. rigida, the station G3 was
distinguished from the others stations by its
relatively high abundance of P lima caused by their
allelopathic properties.

positive correlation with temperature (r = 0.914, p
< 0.05) and salinity (r = 0.59, p < 0.05). A similar
result was already reported in the water column of
the Gulf of Gabès (Loukil-Baklouti et al., 2017),
the Gulf of Tunis (Turki, 2005) and in the western
Adriatic (Ingarao et al., 2009). In addition, Laabir
et al., (2011) highlighted that temperature, salinity
and irradiance are the most important
environmental factors influencing the growth of
toxics species. A positive correlation was also
found between ammonium concentration and P.
lima abundance (r = 0.915, p < 0.05) corroborating
the results of Aissaoui et al., (2014) in the Gulf of
Tunis showing a strong effect of ammonium on the
proliferation of P. lima.

Table 1: SNK test on the distribution of P. lima in
different substrates

Fig. 4: Principal Component Analysis (PCA) between
environmental parameters and abundance of P. lima

Conclusions
Means for groups in homogeneous subsets are displayed. a. Uses
Harmonic Mean Sample Size = 36.00

Relation: physico-chemical parameters and P.
lima abundance
The PCA plot illustrates two groups (A and B)
surrounding the F1 and F2 component axes, both
explaining 72.21% of the variance. F1 component
axis extracts 44.79% and F2 27.42% of the
variability (fig. 4).
The first group A included stations S6, S2 and G2,
three substrates (biofilm, sediment and stone) and
all physico-chemical variables. F1 component axis,
was selected negatively the group B (S1, G3 and U.
rigida). P. lima proliferation was controlled by
substrates and environmental conditions in G2, S2
and S6 (fig. 4). In G3 and S1, P. lima proliferated
on U. rigida without apprarent links to
environmental parameters. P. lima showed a

The Seasonal variably of P. lima was influenced by
physico-chemical parameters particularly the
temperature and the ammonium concentrations.
P. lima was preferentially hosted by stones in all
sampling sites whereas U. rigida was not a
preferential substratum for this species. This result
confirms that the substrate is a key element for the
proliferation of P. lima. The mechanism by which
the substrate affects the species abundance has to
be elucidated.
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Abstract
Harmful events associated with benthic algal blooms (BHABs), have been reported more frequently over the
last decades. Many epibenthic dinoflagellates are known to produce potent biotoxins that can accumulate in
the food chain or even be released as marine aerosols. Nevertheless, reports on these benthic species are
particularly scarce along the Southern Mediterranean coasts. A monthly monitoring of potentially toxic benthic
dinoflagellates, associated with Cymodocea nodosa fronds, was performed over one year in the Bizerte bay
and lagoon (North of Tunisia, Southern Mediterranean Sea). This important Tunisian aquaculture area is
dominated by dense C. nodosa meadows and is subject to recurrent eutrophication and high anthropogenic
pressures. Several potentially toxic dinoflagellate species, belonging to the genera Prorocentrum, Ostreopsis,
Coolia and Amphidinium, were identified. The highest epibenthic dinoflagellate abundances were recorded on
C. nodosa fronds from the Bizerte bay, while lower densities were associated with this magnoliophyte in the
Bizerte lagoon. The highest mean cell abundances were reached by Ostreopsis cf. ovata in the Bizerte bay.
Results revealed significant positive correlations between this toxic dinoflagellate and temperature. Our study
suggests that high sea water temperatures are likely to promote the occurrence of Ostreopsis blooms in the
Mediterranean basin.
Keywords: Harmful epibenthic dinoflagellates, Cymodocea nodosa fronds, Ostreopsis cf. ovata Southern
Mediterranean Sea
Introduction
Harmful epibenthic dinoflagellates live attached to
various substrates (macrophytes, rocks, corals and
detritus) and can also be found in water bodies and
sediments (Aligizaki and Nikolaidis, 2006;
Hoppenrath et al., 2014). Benthic dinoflagellate
assemblages usually include species of the genera
Prorocentrum, Ostreopsis, Coolia, Amphidinium
and Gambierdiscus (Morton and Faust, 1997; Vila
et al., 2001a; Parsons and Preskitt, 2007; Blanfuné
et al., 2015). Several toxins produced by these
species are still uncharacterized. Proliferation of
these microorganisms can have dramatic
consequences in terms of public health and

inherent economic losses (GEOHAB, 2012).
Confined areas such as harbors, small bays and
semi-enclosed coastal lagoons are particularly
prone to the proliferation of toxic phytoplankton
species (Vila et al., 2001b). Harmful events
associated with benthic algal blooms (BHABs) are
showing a widening geographical range from their
endemic tropical-subtropical areas toward
temperate waters and higher latitudes. In the
Northern Mediterranean Sea, Ostreopsis cf. ovata
has represented a major cause of toxic blooms since
2005 (Ciminiello et al., 2006). Ostreopsis
outbreaks showed the apparent range expansion of
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epibenthic dinoflagellates and sounded the alarm
about the potential risks that are threatening the
Mediterranean waters.
Given the limited data available on potentially
harmful benthic dinoflagellates in the Southern
Mediterranean Sea, we performed a survey of the
epibenthic dinoflagellate community associated
with the magnoliophyte Cymodocea nodosa from
the Bizerte bay and lagoon (North of Tunisia). The
present work aims to determine the species
composition and abundances of epiphytic
dinoflagellates associated with C. nodosa fronds,
and to identify the main environmental factors
promoting their proliferation.
Materials and Methods
This study was carried out in the Bizerte bay and
lagoon, located in the north of Tunisia (Southern
Mediterranean Basin). Fresh fronds of the
macrophyte C. nodosa were collected from 0.5-1m
depth. Samples were harvested from four sites (Fig.
1): The Bizerte Bay (BB: 37°16’7”N 9°52’59”E),
Menzel
Abderrahmane
(L1:
37°13’56”N
9°51’39”E), Menzel Jemil (L2: 37°13’24”N
9°56’0”E) and Menzel Bourguiba (L3:
37°10’30”N 9°47’18”E). Stations were sampled
monthly between May 2015 and April 2016.
Sampling was conducted during the first half of
each month (between the 06th and the 15th)
according to the weather conditions. Twenty grams
of leaves were placed into a jar containing 250 ml
of the in situ seawater (previously filtered through
180 µm). Leaves were then vigorously shaken to
allow the dislodgement of epiphytic cells. Samples
were then sieved (mesh size 180 μm), placed in
brown glass bottles of 250 ml and fixed with
neutralized
formaldehyde
(5%,
final
concentration). Temperature, salinity, pH and
dissolved oxygen were measured at each station
with a multiparameter HACH (HQ40d multi)
sensor. NO2-, NO3-, NH4+, PO43- and Si(OH)4
concentrations were analyzed with an automated
channel Technicon autoanalyzer (Seal Analytical
continuous flow AutoAnalyzer AA3).

Fig. 1. Sampling sites in the Bay and Lagoon of Bizerte
(North of Tunisia, Southern Mediterranean).

Identification of epiphytic dinoflagellate species
was performed according to several keys and
estimation of cell abundances was carried out using
the Utermöhl method (1958). Cells were counted
after settling for 24 hours in 25 ml sedimentation
chambers.
Dinoflagellate
abundances
on
macrophyte leaves were expressed as the number
of cells per 100 grams of fresh weight (cells.100g-1
FW). Potential relationships between the abiotic
environmental variables and the epibenthic
dinoflagellate that reached the highest cell density
were analyzed by Spearman’s correlation
coefficient.
Results and Discussion
Eight epibenthic dinoflagellate species belonging
to the genera Prorocentrum, Ostreopsis, Coolia
and Amphidinium were identified. For some
Amphidinium species, the identifications were
limited to the genera and these dinoflagellates were
grouped under Amphidinium spp. Over our
sampling period, the most common potentially
toxic epibenthic dinoflagellates observed on C.
nodosa fronds were Ostreopsis cf. ovata,
Prorocentrum lima, Coolia monotis and
Amphidinium carterae. The maximum cell density
(194 688 cells.100g-1 FW) was registered, in the
Bizerte bay, for O. cf. ovata in October 2015 (Fig.
2).
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2011), 1.7 x 106 cells.g-1 FW (Totti et al., 2010) and
1.3 x 106 cells.g-1 FW (Accoroni et al., 2011) in the
Adriatic Sea.
Spearman’s analyses showed significant positive
correlations between O. cf. ovata and temperature
(Fig. 3). It has been reported that O. cf. ovata
bloom events
occurred when
seawater
temperatures were around 25 °C (Ciminiello et al.,
2006; Ingarao and Pagliani, 2014). In the Bizerte
Bay, O. cf. ovata maximum cell density was
reached in October, when water temperature was
about 24.6°C. Data from this study suggest that
water warming may be considered among the
major factors promoting Ostreopsis blooms and
expansion in the Mediterranean basin. Results also
showed negative correlations between O. cf. ovata
and NO2- as well as NO3-. Previous studies have
reported negative (Ungaro et al., 2010; Carnicer et
al., 2015) or non significant (Vila et al., 2001a;
Parsons and Preskitt, 2007; Accoroni et al., 2011;
Cohu et al., 2011; Dhib et al., 2013) correlations
between epibenthic species and some/all nutrients.
The way by which nutrient concentrations may
affect epibenthic dinoflagellate bloom dynamics is
still unclear.
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Fig. 2. Mean abundances of epibenthic dinoflagellates
on Cymodocea nodosa fronds at the four sampling
stations and for each month (expressed as cells.100g-1
FW).

The maximum concentrations recorded for O. cf.
ovata cells were in agreement with those reported
by Moncer et al. (2017) in Tunisia (1.85 x 103
cells.g-1 FW on Posidonia oceanica), but much
lower than those observed on other macroalgae
from bloom areas of the northern Mediterranean:

Fig. 3. Spearman’s correlation coefficient (colored
boxes = significant correlations: p <0.05).

The diversity and the abundance of the epibenthic
dinoflagellates varied according to the collection
site. The highest epibenthic dinoflagellate
abundances were recorded on C. nodosa fronds
from the Bizerte Bay, while lower densities were
associated with this magnoliophyte in the lagoon.
Considering the current degradation of the
environmental quality of the Bizerte Lagoon, we
can hypothesize the low diversity and abundance of
epibenthic dinoflagellates may be linked to an
enhanced turbidity or to high pollutant levels.
Toxic contaminants have been shown to inhibit
epiphytic dinoflagellate development by altering
82

different physiological processes (Couet et al.,
2018).
Macrophytes could release bioactive substances
(allelochemicals) in order to reduce frond
colonization by their competitors. Macrophytedinoflagellate allelopathic interactions may explain
in situ observations and host preference trends.
Several harmful and/or toxic species were detected
on C. nodosa fronds in the Bizerte bay and lagoon.
Thus, C. nodosa seems to offer a suitable substrate
for the settlement of tychopelagic dinoflagellates
(Turki, 2005; Mabrouk et al., 2014). This
corroborated previous co-incubation laboratory
experiments showing that C. nodosa has a
relatively low negative allelopathic effect (Ben
Gharbia et al., 2017).
Even if epibenthic dinoflagellate abundances in the
Bizerte Bay and Lagoon were lower than those
usually observed along Northern Mediterranean
coasts, a regular monitoring of these epibenthic
dinoflagellates and their biotoxins seems
mandatory, in order to protect human health and
marine ecosystems from the potential hazards.
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Abstract
In Guatemala very little information exists on HAB events although, in recent decades, it is reported worldwide
that there has been an increase in alarming mortality events of aquatic organisms and intoxications in humans,
caused by toxins produced by microalgae. Therefore, a monthly monitoring program was established to
investigate the presence of harmful algal blooms in the Pacific coastal waters of Guatemala, to prevent
intoxication events. During the sampling from June to October 2011, high concentration of Pyrodinium genus
was detected. To be able to confirm the toxic species, morphological analysis was carried out with photographs
through scanning electron microscopy (SEM). The results confirmed a bloom of P. bahamense
(Gonyaulacales) in co-occurrence with Dinophysis caudata and Dinophysis acuminata. According to the
registry of National Laboratory of Health in Guatemala, the concentration of Saxitoxin during this bloom,
ranged from 1,022 – 2,560 M.U / 100 g, which exceeded the regulatory limit for human consumption of
molluscs.
Keywords: Saxitoxin, HABs, scanning electron microscopy, Dinophysis caudata, Dinophysis acuminata
Introduction
Harmful Algal Blooms (HABs) consists of a
natural event where one or more species of
microalgae, usually dinoflagellates, diatoms or
cyanobacteria, increase in abundance, and produce
chemicals in their normal metabolism (toxins),
which affect other organisms in the aquatic
environment and human health (Smayda, 1997;
Herrera-Sepúlveda, Sierra-Beltran, & Hernández
Saavedra, 2008; Band-Schmidt, BustillosGuzmán, López-Cortez, Nunez-Vasquez, &
Hernández-Sandoval, 2011). Besides, the intensity
and frequency of harmful algal blooms recently
showed a rise and has been a growing concern for
coastal waters worldwide: those blooms can cause
an impact to human health in general and food
security (Alkawri, Abker, Qutaei, Alhag, Qutaei, &
Mahdy, 2016).
The Pyrodinium genus was previously described as
a single species with two morphotypes or varieties,
both proven to be toxic. P. bahamense was
originally described from the Atlantic, specifically
from New Providence Island (Bahamas) by Plate
(1906). Thereafter, Bohm (1931) observed P.
bahamense samples from the Arabian Gulf, while
Wall and Dale (1969) indicated that P. bahamense
was found generally confined to subtropical and
tropical waters, and occured throughout the IndoPacific and the tropical Atlantic. Later on,

Steidinger, Tester, & Taylo (1980) recognized the
two varieties from this species: bahamense and
compressum. However, recent studies have proven
that there are no significant morphological
differences between the two morphotypes (Mertens
et al., 2015).
Pyrodinium bahamense is a very important dinoflagellate among Central America waters (VargasMontero & Freer, 2003), and it is a member of the
paralytic shellfish toxin producers (PSP), which
can cause one of the most well-known and
problematic poisoning. Due to the ingestion of
bivalve molluscs contaminated with PSP toxins,
the most common of which are Saxitoxins, serious
muscle paralysis can occur that might result into
death in humans (Mertens et al., 2015).
Thus, the aim of this study was to document the
bloom of P. bahamense and describe the bloom
arisen off the Pacific coast of Guatemala.
Materials and Methods
Phytoplankton samples were collected at three
sites: BTX Station, BRC Station, and BDR station,
in the Pacific coastal waters of Guatemala (Fig. 1)
from July to October 2011. Surface and vertical
tows were made with a 25 cm diameter, 20 μm
mesh plankton net. Samples were immediately
fixed with acid Lugol solution. General
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phytoplankton composition and abundance was
determined using the Sedgewick-Rafter counting
chamber, expressed as cell L-1. Samples were
analysed through light microscopy to identify
specimens to the higher taxon, based on the
available literature (Steidinger & Jagen, 1997). To
identify the planktonic dinoflagellates, some
samples were analysed at the University of Costa
Rica, by using scanning electron microscopy
(SEM). Shellfish toxicity was determined by
standard mouse bioassay (AOAC International,
1995) performed by the National Laboratory of
Health in Guatemala.

Fig. 1. Pyrodinium bloom, a) Sampling stations from
the Guatemala Pacific coastal waters (b) Paired vegetative cells. (c) Empty cell showing apical horn and
antapical horn (d) Close-up of the apical view plate.

P. bahamense has been described as producing
paralytic toxins (Gedaria, Luckas, Reinhardtb, &
Aznza, 2007; Usup et al., 2012), and it has a highly
toxic profile due to the STX and Neo-STX toxins
(some of the toxins with highest toxicity), which
forms 85 to 98% of the total composition (Gedaria
et al., 2007). During the Bloom of P. bahamense,
there were no human intoxications thanks to the
rapid response of the public health authorities in
Guatemala.
According with the SEM pictures analyses, some
individuals of P. bahamense showed a semi-round
shape, slightly compressed antero-posteriorly. This
morphology occurred as individual cells, two-cell
and four-cell chains. Cells size in average was
49.16 ± 3.31 μm in length and 43.63 ± 7.59 μm in
height (n=10). The structure of the apical pore did
not present any prolongation, however two spines
with almost the same size were observed at the
hypotheca (Fig. 2 A-C).
On the other hand, some vegetative cells of P.
bahamense were found with a more rounded shape
and showed apical and antapical horns (Figure 2 DF). Moreover, those vegetative cells were larger,
and their size was in average 48.71 ± 2.22 μm in
length and 56.85 ± 7.67 μm in height (n = 5). The
morphological differences among the vegetative
cells of P. bahamense could be a response to
environmental conditions and not genetically
based, as described in Mertens et al., (2015).
A

D

Results and Discussion
This study shows that blooms of P. bahamense
have a very wide distribution range and are able to
proliferate along the Pacific, considering that it is
one of the main species causing harmful algal
blooms along the tropical Pacific.
From July to October 2011 a high concentration of
chlorophyll a was observed and ranged from 4 to
35 mg/m3 according with AQUA MODIS. The
bloom was observed from 1 m depth to the surface
and was dominated by P. bahamense, which
reached densities up to 4,000 cell L-1 between July
and September. However, in October 2011, the
concentration of P. bahamense increased and a
higher density was observed (>6,845 cell L-1).
According to the registry of National Laboratory of
Health in Guatemala, during the Pyrodinium boom,
only in July 2011 the concentrations of the
Saxitoxin exceeded the regulatory limit for human
consumption of molluscs. The concentration
ranged from 1,022 – 2,560 M.U / 100 g.

B

E

C

F

Fig. 2. Scanning electron micrographs of the
vegetative cell of P. bahamense. A-C: semi-round
shape, D-F: more rounded shape
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The assemblage of the blooms in July-October
2011, was clearly dominated by P. bahamense
which reached up to 90% of the total
phytoplankton abundance. In general, the main
dinoflagellates species abundance consisted of P.
bahamense, Dinophysis caudata and Dinophysis
acuminata.
A

B

Plate, L. (1906). Pyrodinium bahamense n.g., n.
sp. die Leucht-Peridinee des "Feuersees" von
Nassau, Bahamas. Archiv für Protistenkunde, 7,
411-442.
Smayda, T. (1997). Limnology and
Oceanography, 42(5-II), 1137-1153.
Steidinger, K.A., (1979). Collection, enumeration
and identiﬁcation of free living marine
dinoﬂagellates. In: Taylor, D.L., Seliger, H.H.
(Eds.), Toxic Dinoﬂagellate Blooms. (pp. 435–
442). New York: Elsevier.
Steidinger, K.A., Tester, L.S., & Taylor, F.J.R.
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Fig. 3. Scanning electron micrographs of the
vegetative cell of A) Dinophysis acuminata and B)
Dinophysis caudata.

Because of the increasing events of phytoplankton
blooms off the Pacific coast of Guatemala, in
particular blooms of Pyrodinium bahamense, it is
necessary to continue monitoring phytoplankton
abundance and biodiversity in a monthly manner,
for a better understanding of such events.
Considering the risk that harmful algal blooms
events can cause to human health, the monitoring
will be extremely useful for the adequate
management of marine-coastal resources in
Guatemala.
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Abstract
In situ, Harmul Algal Blooms (HAB) data revealed a strong variability in intensity and toxicity of Pseudonitzschia blooms between 2005-2017 in Killary Harbour and Bantry Bay, the most important production areas
for rope grown mussels in Ireland. To study species successions and environmental interactions, a combination
of different methods is used, including qPCR analysis, statistical analysis and a Lagrangian particle model.
The biotoxin analyses from blue-mussels tissues and Pseudo-nitzschia spp. abundances results over a 13 years
period suggest no relationship between ASP toxic episodes and major blooms in both Bantry Bay in spring
(March-April) and in Killary Harbour, where toxic events occur in summer (May-July). In both cases, RealTime PCR analysis shows that Pseudo-nitzschia australis is the species involved in these toxic events and is
then succeeded by P. pungens in Bantry Bay. Although the causative organism P. australis is detected in
Killary Harbour, Domoic Acid (causing ASP) concentrations in mussels did not rise above the EC regulatory
closure limit (20 μg.g-1). The particle tracking model shows a high level of variability in advective transport
of cells within bays and along the coastline, suggesting that even small environmental changes in spring could
have dramatic effects on bloom transport and development. A second Pseudo-nitzschia spp. bloom occurs in
late summer-autumn in both Killary Harbour and Bantry Bay. These blooms did not result in shellfish toxicity
over the period studied, indicating that another non-toxin producing species dominated the Pseudo-nitzschia
spp. assemblage at this time. Comparison of the relative abundance of Pseudo-nitzschia spp. in water samples
against other diatoms and dinoflagellates suggest that ASP toxic episodes are not explained by large
monospecific blooms of these toxic species alone. In Bantry Bay, toxins can be detected when Pseudonitzschia spp. represent only 20-25% of the total microphytoplankton community abundance.
Keywords: Real-Time PCR, Pseudo-nitzschia spp., ASP, relative abundance
Introduction
In order to forecast events and prevent the
consumption of contaminated shellfish, Ireland has
had a national monitoring programme in place
since the 1980s supervised by the Marine Institute.
As part of this programme, a weekly HAB bulletin
describing the current situation and immediate risk
is freely available online (www.marine.ie/habs).
Amongst other harmful algal bloom (HAB) species
(Dinophysis sp., Azadinium sp. and Alexandrium
sp.), the bulletin keeps track of the diatom Pseudonitzschia sp. which is known to produce Domoic
Acid (DA) that causes Amnesic Shellfish
Poisoning (ASP) syndrome. DA was first detected
in Irish shellfish (scallops) in 1999 (James et al.,
2005). The number of species in the genus is
constantly increasing; from 37 identified species in
2012 (Lelong et al., 2012) to at least 48 species

currently reported in AlgaeBase (Guiry & Guiry,
2018). However, not all of the Pseudo-nitzschia sp.
are toxic (Lelong et al., 2012). Cusack found six
main species in offshore waters to the south of
Ireland, with P. pungens P. fraudulenta and P.
australis the most frequently observed (Cusack,
2002). Pseudo nitzschia multiseries has been
identified as a DA-producing species (Bates et al.,
1998), and historically P. australis was responsible
for ASP events in Scottish waters (Campbell et al.,
2001), however the results are unclear for other
species, as many produce DA at low concentrations
worldwide (Cusack, 2002).
Like all diatoms, Pseudo-nitzschia sp. has a silica
frustule. Characterised as a pennate diatom, this
genus is naturally joined in colonies, making chains
by overlapping cells ends (Horner, 2002). The
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identification to the species level is difficult for
routine light microscopy, therefore the species are
recorded under two groups based on the cell width;
P. seriata complex (>3µm) and P. delicatissima
complex (<3µm) (Hasle & Syvertsen, 1997). This
is why the Real-Time PCR (Polymerase Chain
Reaction) assays is an invaluable methodology that
can be used in monitoring programs to identify and
discriminate this genus by targeting the DNA
sequence of ribosomal sub-unit (LSU) (Andree et
al., 2011; Fitzpatrick et al., 2010).
Ireland is characterised by two contrasting
coastlines, the western Atlantic coastline and the
eastern Irish Sea coastline. Most of the shellfish
farms are situated on the western side of the
country according to the national seafood agency
Bord Iascaigh Mhara (BIM). Interestingly, the west
coast was the most affected by toxic events in the
past. Mytilus edulis is the best biological indicator
for toxicity as it responds rapidly to any change in
the phytoplankton composition (Bates et al., 1998).
Hence, numerous closures of mussel production
areas happened in 2005 and 2012 mostly in the
south west sites of Ireland, where the toxins content
was above 200µg.g-1 in 2012 (Bantry Bay). During
those periods, no closure was encountered in
Killary Harbour, another important rope mussel
area also on the west coast, 220 km north of Bantry.
This work aims to examine differences between
Killary and Bantry Bay which seem to be affected
by the blooms of Pseudo-nitzschia spp. in distinct
ways. Is the impact of the blooms on shellfish
farms cell density dependant? Was there any
significant succession among Pseudo-nitzschia
species during the year 2017?
Materials and Methods
Sample background
Samples are sent to the Marine Institute from
different shellfish and finfish farming sites across
Ireland. Farmers collect water samples once a week
or more in case of high toxicity risk. The samples
are stored in 50mL labelled sample tubes. Lugol’s
Iodine is added soon after sampling. For the
monitoring programme purpose the phytoplankton
laboratory team takes 25 mL of every sample
received and carries out an identification and
quantification of the phytoplankton in the sample
(Utermöhl, 1958). In parallel, the biotoxins within
corresponding flesh samples of farmed mussels are
quantified.
For this study, water samples that contain Pseudonitzschia cells were run on the qPCR. For 2017, a
total of 81 samples from Killary and 87 samples

from Bantry were analysed to investigate the
presence of six Pseudo-nitzschia species, namely
P. australis, P. delicatissima, P. fraudulenta, P.
multiseries, P. pungens and P. seriata.
Real-Time Polymerase Chain Reaction (qPCR)
1) DNA extraction
25 mL of the samples were analysed by qPCR.
Samples were centrifuged at 4,200 revolutions per
minute (rpm) for 15 min to form a cell pellet where
the supernatant was removed (approximately 23
mL) and discarded. The cell pellet was transferred
to a 1.5 mL microtube and centrifuged for 5 min at
13,500 rpm. The supernatant was removed and
discarded leaving approx. 0.2 mL of liquid and
cells pellet. A double extraction process was used
to disrupt the cells, a 5 cycles freeze-thaw (80ºC)
process with liquid nitrogen, followed by the
addition of glass beads and a run of a bead mill
mixer (Retsch) for 2 min at a frequency of 25 s-1.
DNA lysis and extraction were conducted with a
modified protocol of the manufacturer’s
instructions using the DNeasy Plant Mini kit
(QIAGEN). This kit binds extracted DNA to silica
spin columns, which was then washed with buffers
to remove inhibitory substances, resulting in a final
eluted volume 100 µL of extracted DNA in buffer
solution.
In addition to each batch of samples extracted, a
known positive control (derived from spikes of
mono-specific cell cultures for each species into
sterile seawater) and a negative control (sterile
seawater) were also extracted with the sample
batch. Positive controls for P. seriata and P.
multiseries were unavailable for this investigation.
2) Master mixes preparations
The developed assays used Fluorescence
Resonance Energy Transfer (FRET) hybridisation
probes and forward and reverse primers which
target the internal transcribed spacer 1 (ITS-1)
region of rRNA gene (Clarke et al., 2019).
The Master mix was a solution of 10X
LightCycler® FastStart DNA master hybridization
probe mix (Roche), MgCl2, Forward (25 µM) and
Reverse Primers (25 µM), species specific FRET
probes (2 µM) and molecular biology grade water
adjusted to a final volume proportional to 18 µL per
sample reaction.
3) Template preparation and run protocol
Using a 96 well plate, to each well, 18 µL of Master
mix and 2 µL of an extracted sample / control were
added. Each sample and control was run in
duplicate in a separate well. The plates were sealed
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with adhesive film, and centrifuged for 1 min at
1100 rpm.
Assays were run on real time PCR instruments
(Roche LightCycler 480 Vr I and Vr II) with the
following cycling parameters; 10 min at 95ºC; 40
cycles of 10 s at 95ºC, 15 s at 50ºC and 10 s at 72ºC;
followed by a continuous melt curve analysis from
40ºC to 80ºC with a ramp rate of 1ºC.s-1.
4) Analysis process
To discriminate between each species present in a
sample, a specific melt peak temperature (Tm) was
obtained for each species; P. multiseries 66°C, P.
seriata 56°C P. australis 62°C, P. fraudulenta
55°C, P. delicatissima 58°C and P. pungens 60°C.
The assay for P. pungens was also able to detect P.
australis (Tm 49°C), P. fraudulenta (Tm 42°C) and
P. multiseries (Tm 53°C).
The Tm for the peaks observed for the samples
were checked with the references to attest the
presence of the targeted species. Then, to show the
presence/absence of each species per date, a table
on which a colour was associated with a species
and a square corresponded to a place and a date was
made. Each square was divided and coloured by the
number of species that were found for the
considered time and place but did not give any
quantitative proportion.
Results and Discussion
First, a look at the time series highlighted three
facts (Fig.1); (A) In both bays, high Pseudonitzschia seriata complex densities were not
correlated with high DA concentrations. (B) The
six species-specific probes used in the qPCR
analyses could not identify all Pseudo-nitzschia sp.
present in the autumn blooms. (C) There were four
significant ASP events in Bantry Bay over a period
of 13 years (DA > 50 µg.g-1) in April 2005, 2010,
2011 and 2012. The event in 2012 reached a DA
level record of more than 200 µg DA.g-1. During
those ASP events, the relative abundance of
Pseudo-nitaschia seriata complex was not at its
highest; only reaching 30% of the microphytoplankton community (Fig.2). Whereas in
Killary Harbour the maximum cells density was
two times lower than reported in Bantry Bay and
the DA level never exceeded the sanitary level.
This could be due to the complex physical dynamic
of this narrow shape area and the nutrient
availability that is known to influence this genus
and trigger DA production when limited (Parsons
& Dortch, 2002; Siemering et al., 2016).

Fig.1. Bantry Bay historic records on P. seriata
complex cell concentrations and associated toxicity
through DA concentration found in mussels tissue.

Fig.2. Bantry Bay Inner relative abundance of Pseudonitzschia seriata complex, Dinoflagellates and other
diatoms for the year 2012.

Secondly, in Killary Harbour, detection at the outer
part of the fjord comprised of a mix of Pseudonitzschia species occurred from the end of March
(Fig.3). Pseudo-nitzschia fraudulenta was only
seen during April and May at the outer part and the
community changed in June when species detected
throughout the fjord, from outer to inner sites, were
predominated by P. pungens and P. australis.

Fig.3. Compilation of Killary Harbour 2017’s PCR
results. Crossed cases indicate the absence of sample;
dark boxes indicate negatives results.

Bantry Bay showed two distinct bloom patterns
(Fig.4). One was characterised by P. australis
presence from February to April followed by
another period marked by P. pungens presence
(April to July). Pseudo-nitzschia delicatissima was
only observed during the first period, P.
fraudulenta was present during this period as well.
North and South Chapel sites (inner parts of the
Bay) had a diverse Pseudo-nitzschia community
make-up. The ASP events were recorded during
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week 13, at the beginning of the decline of P.
australis in favour of P. pungens, confirming the
identity of the species associated with the toxicity
in Bantry to be P. australis.

Clarke, D., Salas, R., Hynes, P., McCarthy, A.,
Walsh, D., & Silke, J. (2019). Proceeding of the
Eighteenth International Conference on Harmful
Algae, Nantes, France. In prep.
Cusack, C. K. (2002). National University of
Ireland, Galway.
Fitzpatrick, E., Caron, D. A., & Schnetzer, A.
(2010). Marine Biology, 157(5), 1161–1169.
Guiry, M. D., & Guiry, G. (2018). AlgaeBase.
www.algaebase.org

Fig. 4. Compilation of Bantry Bay 2017’s PCR results.
Note that toxins were spotted in week 13.

Lastly, the transport of HABs into the Bay was
driven by changes in the direction and speed of
local winds. During blooms, Pseudo-nitzschia sp.
cells were observed in the inner parts of the bay
first before reaching outer sites (according to
particle tracking models of past events). This was
likely to be associated with the advection of
Pseudo-nitzschia blooms into Bantry Bay during
upwelling events when colder bottom water enters
the Bay and surface water exits. Upwelling events
entering the Bay, may also have led to nutrient
delivery from offshore shelf waters, triggering the
blooms of Pseudo-nitzschia.
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Abstract
Diarrhetic shellfish poisoning (DSP) toxins and pectenotoxins (PTX) produced by endemic species of the
genus Dinophysis, mainly D. acuta and D. acuminata, pose a big threat to public health, artisanal fisheries and
the mussel industry in Southern Chile. Nevertheless, little is known about the environmental factors controlling
these outbreaks in the Chilean Patagonian fjords and channels. During summer-autumn (January-April) 2018,
several cruises were carried out in Puyuhuapi fjord (44.65ºS-72.79ºW) to characterize fjord conditions
associated with bloom development and fine-scale distribution of Dinophysis populations. Here we present
results from the survey carried out on February 16, 2018 along nine sampling stations in a 25-km long transect.
This sampling coincided with the onset of an exceptional bloom of D. acuta in the Patagonian fjords. Vertical
profiles of density (kg m-3), temperature (°C), in vivo fluorescence (g equiv. Chl a L-1) and dissolved oxygen
(mL L-1) (CTD casts) as well as water samples at 2 m intervals from surface to 20 m depth (Niskin bottles) for
microphytoplankton analyses were collected at each station. Vertical hauls (0-20m) with a 20-m mesh net
were collected for lipophilic toxin analyses. Our results showed a strong thermohaline stratification along the
fjord transect. Dinophysis acuta was present as a sub surface thin layer with a cell maximum of 118,000 cells
L-1. Due to the overwhelming dominance of D. acuta, the bloom gave a strong fluorescence signal coinciding
with the fluorescence maximum (rather unusual with the typical low biomass blooms of Dinophysis) at 6 m
depth, within the layer of maximal water column stability. Further, D. acuta seemed to avoid the low salinity
values from Puyuhuapi fjord surface waters, because no cells were detected above the 16 psu isohaline at 2 m
depth. Toxins analysis of the haul samples showed the presence of OA, dinophysistoxin-1 (DTX1) and PTX2
in addition to yessotoxins (YTX) associated with the co-occurrence of Protoceratium reticulatum. This
exceptional summer bloom of D. acuta observed in Puyuhuapi fjord, represents one of the highest density
blooms ever reported worldwide for this species and a record for Chile. The identification and parameterization
of the key factors that triggered this intense bloom are discussed here.
Keywords: Dinophysis acuta, exceptional blooms, lipophilic toxins, Chilean fjords
Introduction
Harmful Algal Blooms (HAB) in Chile have
followed the global trend of “apparent” increase of
toxic events (Hallegraeff, 1993; Hallegraeff, 2010),

becoming the main threat to public health and the
fishing industry in the Patagonian fjords system
(Díaz et al., 2019). Diarrhetic shellfish poisoning
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(DSP) toxins and pectenotoxins (PTX) produced
by endemic species of the genus Dinophysis
(Reguera et al. 2012; Reguera et al. 2014), mainly
D. acuta and D. acuminata, pose a big threat to
public health, artisanal fisheries and the mussel
industry in Southern Chile, that include the area
(Los Lagos region) where more than 95% of the
national production of mytilids (29 x 104 t y-1) takes
place (Sernapesca, 2016).
Microscale physical-biological interactions—both
in time and space—in fjords and semi-enclosed
systems are modulated by processes such as
turbulence, tidal cycles and circadian rhythms
(GEOHAB, 2010). In the case of Dinophysis
species, microscale variability of their vertical
distribution hinders their detection and/or
underestimates their density (Escalera et al., 2012).
This variability can be exacerbated in highly
heterogeneous systems, as it is the case with the
Patagonian fjords, where multiple niches promote
development or aggregation of different species
(Díaz et al., 2011; Alves de Souza et al., 2014). In
this context, a good understanding of this shortterm variability is a key aspect for the development
of operational models and improved risk
assessment of shellfish poisoning and other
hazardous events in Southern Chile. This paper
describes the spatial distribution of D. acuta along
nine sampling stations in a 25-km long Chilean
fjord transect in February 2018, which coincided
with the onset of an exceptional bloom of this
species in the Patagonian fjords (Fig. 1).

Materials and Methods
The survey was carried out on board R.V. Queen
during one-day cruise along a Puyuhuapi fjord
transect (25-km), which took place on February 16,
2018 (Fig. 2).

Fig. 2. The study area in Puyuhuapi fjord (Aysén
region, Southern Chile) and sampling stations in a 25km long transect (Magdalena Sound to the mouth of
the Cisnes river) visited during the cruise on February
16, 2018.

Vertical profiles of temperature (°C), salinity, in
vivo fluorescence (µg equiv. chl a L-1) and
dissolved oxygen (ml l-1) (CTD casts) as well as
water samples at 2m intervals from surface to 20 m
depth (Niskin bottles) for microphytoplankton
analyses were collected at each station. Vertical
hauls (0-20m) with a 20-µm mesh net were
collected for lipophilic toxin analyses.
Results and Discussion

Fig. 1. Micrographs of Dinophysis acuta fixed in
Lugol's solution collected at station 1 using a 20-µm
mesh net in the Puyuhuapi fjord, during a bloom in
February 16, 2018.

CTD profiles of temperature and salinity obtained
along the Magdalena sound and across the
Puyuhuapi Fjord showed a fjord characteristic two
layer structure: a top layer (0-10 m) of estuarine
warm (12.6°C – 17.9°C) brackish (11.4 – 29.7 psu)
water and a bottom layer (10-50 m) of saltier water
(28.0 – 32.7 psu) with a temperature range from
14.2° C at 11 m to 10.5° C at 50 m (Figs. 3a, b).
Less saline water was also observed in the first 2m layer (salinity range, 11.4-18.5), where estuarine
water dominated.
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fluorescence maximum located within the layer of
maximal water column stability (Fig. 4). This is a
rather unusual observation with the more common
low biomass blooms of Dinophysis. D. acuta cells
seemed to avoid the low salinity values from
Puyuhuapi fjord surface waters, because no cells
were detected above the 18 psu isohaline at 2m
depth (Fig. 5).

Fig. 4. Vertical distribution of Dinophysis acuta (cells
L-1) along nine sampling stations in a 25-km transect
during the cruise on February 16, 2018.

Fig. 3. Vertical distribution of (top) temperature;
(middle) salinity and (bottom) fluorescence (counter
color) with the Brunt-Vaisala frequency (black lines)
along nine sampling stations in a 25-km long transect
during the cruise on February 16, 2018.

Minimum values of salinity were registered at
station 9 (11.4 psu at 1 m) due to the influence of
the Cisnes river discharge (Fig. 3b). Modified
Subantarctic Water (MSAAW), according to the
description from Schneider et al., (2014) was
observed from 20-50 m. This water mass results
from the mixing of the estuarine water and the
Subantarctic water mass (SAAW) (Sievers and
Silva, 2008).
A fluorescence layer, much stronger than those
reported by Schneider et al., (2014); extended to
the bottom of the pycnocline (> 20m), with an
isolated maximum at station 1. An extensive layer
with strong fluorescing values was observed in the
confluence area of the Magdalena sound and
Puyuhuapi Fjord, between station 5 and station 7.
This maximum extended 14 km from 5 to 15 m
depth (Fig. 3c).
Maximal D. acuta cell densities (118,000 cells L-1)
were found at 6m (15.88 °C, 23.36 psu) on station
1 (inner fjord), associated with a vertical
thermohaline gradient of 0.2°C m-1 and 1.4 psu m-1
on the top 10 m. Due to the overwhelming
dominance of D. acuta, the bloom gave a strong
fluorescence signal at 6 m coinciding with the

Fig. 5. Vertical profiles of salinity, temperature,
chlorophyll-fluorescence and Dinophysis acuta cell
densities during the cruise on 16 February 2018 at
stations 1 and 2.

Toxins analysis of the haul samples showed the
presence of OA, dinophysistoxin-1 (DTX1) and
PTX2 in addition to yessotoxins (YTX) associated
with the co-occurrence of Protoceratium
reticulatum.
Conclusions
Strong thermohaline stratification during late
austral summer (16 February) 2018 in the
Patagonian fjord system created the conditions for
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an exceptional summer bloom of Dinophysis acuta.
The bloom formed a sub-surface thin layer (cell
maximum of 118,000 cells L-1) located in the layer
of maximal static stability. This exceptional
summer bloom of D. acuta observed in Puyuhuapi
fjord, is one of the highest density blooms ever
reported worldwide for this species and a record for
Chile.
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Abstract
This study assessed the distribution of harmful phytoplankton along the coast of Ghana. The monitoring study
so far has identified eleven potentially harmful species which are mostly toxin-producing thecate
dinoflagellates. Some of which are Lingulodinium polyedra, Gonyaulax spinifera, Dinophysis caudata,
Dinophysis ovum and species of Alexandrium. There were seasonal variations observed for both diversity and
density of HABs species. A high diversity of species with low cell densities was observed during the rainy
season whereas during the dry season, high cell densities with few diverse species were observed.
Lingulodinium polyedra, with a cell maxima of 5.0x104 cells/L, was observed in December 2016 and January
2017 followed by Gonyaulax spinifera (3.0x104 cells/L) and Dinophysis caudata (8.2x103 cells/L). This
preliminary information indicates that there is a risk for harmful algal bloom events to occur in the coasts of
Ghana. The high densities in December may have been caused by high temperatures, salinity, minor upwelling
and tidal water accumulation along the shore.
Keywords: Dinoflagellates, harmful algae, Ghana, seafood safety
Introduction
Studies of harmful algae have been ongoing in
different parts of the world since the mid-20th
century and proved that harmful algal blooms
(HABs) are a worldwide phenomenon (Wells et al.,
2015). The Ghanaian coastal waters are not
exempted from this global challenge, but information on harmful algal blooms in West Africa,
particularly Ghana, is very rare. Changes in
physical-chemical parameters of the seawater may
distress sensitive marine organisms which include
microalgae. This phenomenon involves two
different aspects, one being the occurrence and the
increased frequency of novel phytoplankton
blooms and the second being the spreading of toxic
species to new geographic areas (García-Portela et
al., 2016; Tamale et al., 2019). In the
phytoplankton taxonomic knowledge, many toxic
species belong to the dinoflagellate group. Toxins
from certain dinoflagellate or diatom species
accumulate in fish and/or shellfish tissues and
become the main source of exposure to seabirds,

sea mammals and humans (Giussani et al., 2016).
It is important to note that shellfish exploitations
and fisheries are significant components of
Ghana’s economy (Lazar, 2017) and admittedly,
this sector which affords employment to a sizable
number of the Ghanaian population has currently
seen an increased due to increase demand for
seafood products. Shellfish and fish, which are well
appreciated and highly priced as a result of their
essential sources of protein for the Ghanaian
population, have been suspected to accumulate
algal toxins, a fact which may subsequently cause
poisoning within human consumers. It is therefore
significant to study the associated health and
economic risks of HABs in Ghana’s waters, as well
as ascertain natural seafood safety through frequent
seafood monitoring and assessment.
This study therefore sought to assess the
distribution of harmful phytoplankton species
along the coast of Ghana.
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Materials and Methods
Study Area

According to the present study, both salinity and
temperature showed a stronger influence on
temporal variations than spatial.

Fig. 2. Salinity (psu) at four sites during the sampling
season.
Fig. 1. Map of study area

The area considered in this study is in the Gulf of
Guinea (Atlantic sea). Samples were taken from a
total of four locations from Tema (5.3088°N,
0.00318° E) to Gomoa Nyanyanor (5.5240°N,
0.2939° W).
Sample Collection
Ghana has two major climatic seasons, the rainy
(April-August) and dry (November-February)
seasons. During these seasons there is an upwelling
in the rainy and a minor or non-upwelling during
the dry (Anang, 1979); considering this, water
samples were collected monthly with Niskin
bottles at a depth of 5m to evaluate the physicochemical
parameters
and
phytoplankton
abundance. Phytoplankton ring nets with mesh size
of about 20µm were also deployed into the sea and
hauled to collect samples at the cod-end and ﬁxed
with Ca(HCO3)2- buffered formaldehyde. Variable
volumes of seawater (25-50 mL), depending on cell
densities were allowed to settle for at least 48 hours
for specie identification. Water and net sample
results were reported in this paper. Toxic
microalgae species composition was estimated on
samples by the Utermöhl’s method (1958), using
an inverted microscope and a light microscope
(Leica DM 1000 LED) equipped with phase
contrast at 400 ﬁnal magniﬁcations. All
microscopically identified phytoplankton taxa
were recorded and photographed using high quality
digital camera (Leica MC 120 HD) and the
taxonomic reference list of toxic microalgae
(Moestrup et al., 2009).

Fig. 3. Temperature (°C) at four sites during the
sampling season.

From the results, it was observed in the dry season;
a non-upwelling period (November–February)
that, when water temperatures are high, the same
trend holds for salinity, an observation conforming
to Dhib et al., 2013 in the northern part of the Gulf
Tunis.
In the monitoring study, eleven potentially harmful
species most of which are dinoflagellates were
identified from the sampling areas. One of the
potentially toxic Dinophysials identified in all
sampling areas was Dinophysis caudata.
Dinophysis species are known to be responsible for
diarrhetic shellfish poisoning (DSP) and D.
caudata gave highest density (4510 cells/L) in
Gomoa Nyanyanor site, an indication of its
abundance in that area.
Species
of
Prorocentrum
gracile
and
Prorocentrum micans showed maximum cell
densities of 810 cells/L and 700 cells/L
respectively in seawater samples. Both do not
produce toxins but are examples of high biomass
HAB species which may cause fish kills or other
harmful events through secondary effects of
intensive blooms (Larsen and Nguyen, 2004).

Results and Discussion
Prevailing conditions during the dry season
included high surface temperature (> 25 °C) and
salinity < 35 psu. In the rainy season, surface
temperature was below 25°C and salinity > 35 psu.
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Abundance of HAB species in seawater samples
[Cells/L]
Sampling
Site/
Tema
Light-House
HAB
Species
Min
Max
Min
Max

Tsokome

Gomoa Nya

Min

Max

Min

Max

Alx. spp

0

400

0

0

0

420

0

380

T. Furca

35

480

0

180

35

480

38

480

T.muelleri

0

300

0

80

0

0

0

0

D. caudta

20

720

0

0

0

620

10

560

D. Ovum

0

0

0

0

0

480

0

1100

G.spinefera

120

1400

0

0

100

900

100

1200

L.polyedrum
N.
scintillans

40

2400

0

230

0

2700

60

6200

0

300

0

0

0

300

0

160

P.gracile

0

0

0

120

20

620

40

780

P.micans

84

560

0

0

100

700

34

620

S.trochoidea

0

300

0

40

0

420

0

460

Tripos furca and Tripos muelleri which recorded
maximum densities of 480 cells/L and 280 cells/L
respectively in seawater are also planktonic species
with the potential to generate very high biomass
and to dominate the phytoplankton community for
extended periods.

Fig. 4. Images of potentially harmful marine algal
species from Ghana.

Fig. 5: Dinophysis (cf ovum) and Gonyaulax spinifera

Gonyaulax spinifera was identified in the Ghanaian
coastal waters and found to be abundant. They
were estimated to be about 1400 cells/L seawater
and 3x104 cells L-1 in net samples. Gonyaulax
spinifera is known to produce yessotoxins (YTX)
(Rhodes et al. 2006).

Fig. 6. Lingulodinium polyedrum and a chain-forming
Alexandrium species.

Lingulodinium polyedrum, a potentially toxic
dinoflagellate and one of the high biomass bloom
forming species, was identified from the coast of
Ghana with an abundance a maximum of 6200
cells/L in seawater and 1.6 x 103 cells/L in net
samples in December 2016. The high densities in
December may have been caused by high
temperatures, salinity minor upwelling and tidal
water
accumulation
along
the
shore.
Environmental variables such as salinity and
temperature are noted to influence the morphology,
cell growth and metabolism of dinoflagelates as
has been observed in the North Atlantic coastal
waters (Dhib et al., 2013; (Jansson et al., 2014)
It is known to produce yessotoxins (YTX) (Lassus
et al., 2016) as well as their analogues, the
homoyessotoxins (Trainer et al., 2010). Species
belonging to the genus Alexandrium, which include
some of the most toxic HAB species (ROPME,
2012) were also identified with a maximum
abundance 425 cells/L seawater in the rainy season
but very low densities in the dry season. Several
species of Alexandrium are known to be
responsible for paralytic shellfish poisoning (PSP)
events
Conclusion
This study assesses the distribution of harmful
phytoplankton along the coast of Ghana. The
monitoring study so far has identified eleven
harmful species which are mostly thecate
dinoflagellates with five of these species
(Lingulodinium polyedrum, Gonyaulax spinifera,
Dinophysis caudata, Dinophysis cf ovum,
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Alexandrium sp) being toxin producers with the
potential to cause diarrhetic shellfish poisoning,
paralytic shellfish poisoning, azaspiracid poisoning
and yessotoxin-like poisoning symptoms. These
species showed a large morphological variability,
both in size and shape. Densities and diversity of
species also varied with seasons (rainy and dry).
Critical densities of Lingulodinium polyedrum
were recorded in December 2016 and January
2017. Observations also have revealed the presence
of species of the genus Alexandrium, one of the
most toxic genus among the HABs species. This
indicates that our shores might be affected by
harmful algal blooms.
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Abstract
Ostreopsis siamensis, the type species of the genus Ostreopsis, was originally described from the Gulf of
Thailand based only on morphological characters. Currently, this genus includes 11 accepted nominal species
many of which are considered cryptic. Recently, phylogenetic and morphological studies have allowed the
identification of well-supported clades, such as the one from temperate waters in Europe and Oceania
tentatively named as O. cf. siamensis. That designation was based on morphological similarities with O.
siamensis. However, a recent study on the distribution of Ostreopsis spp. in the Gulf of Thailand, where O.
siamensis was originally described from, did not detect the European/Oceanian ribotype. Its absence suggests
that the European/Oceanian ribotype does not include the type of O. siamensis. Morphological, molecular and
biogeographic differences with other nominal species also preclude the application of any other name, which
suggests that a new species should be assigned to this clade. In this study, we clarify the taxonomic status of
the European/Oceanian ribotype known as O. cf. siamensis, based on morphological, molecular and toxicology
data.
Keywords: Benthic Dinoflagellates, Ostreopsis, Phylogeny, Taxonomy, Toxicity
Introduction
The benthic dinoflagellate genus Ostreopsis
Schmidt currently includes 11 species, many of
which are known to be toxic, producing palytoxins
analogues named ostreocins and ovatoxins
(Fernández-Araujo et al., 2013).
This genus was described from the Gulf of Siam
(currently Gulf of Thailand), Thailand, with the
type species Ostreopsis siamensis Schmidt (1901).
The original description highlighted the oystershaped flat body, the eccentric apex, the presence
of a slit-shaped apical pore and porous plates. The
original drawings of O. siamensis depicted a roundshaped cell in apical view (epitheca), a tear-shaped
cell in antapical view (hypotheca), coarse porous

plates and an undulated cell in side view. The
reported cell size was large with a dorso-ventral
(DV) axis of 90 µm. In 1981, Fukuyo applied this
name to specimens from the Ryukyu Islands
(Japan) with an undulated body in side view, and
gave additional details, such as size range (DV of
60-100 µm; transdiameter of 45-90 µm). In the
same work, Fukuyo added two new species to the
genus, which were distinguished from O. siamensis
based on the absence of cell undulation, size (O.
ovata) and type of thecal pores (O. lenticularis). In
the following years, six new species were described
based on morphology (Norris et al., 1985; Quod,
1994; Faust & Morton, 1995; Faust, 1999).
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However, the diagnostic characters limiting the
different morphospecies often overlapped or were
ambiguous, suggesting the occurrence of cryptic
species or morphological plasticity (Parsons et al.
2012). Recently, two additional species (O.
fattorussoi and O. rhodesiae) were described based
on
both
morphological
and
molecular
characterization (Accoroni et al., 2016; Verma et
al., 2016a).
The use of molecular taxonomy has shown the
existence of distinct ribotypes of Ostreopsis, with
divergences supporting the description of species.
However, establishing the link between the
described species and the different clades has been
hampered by the lack of biological type material
(Pin et al. 2001, Penna et al. 2005, Sato et al.,
2011). One such case is the well-defined ribotype
Ostreopsis cf. siamensis first described from the
Mediterranean Sea and morphologically similar to
O. siamensis (Penna et al., 2005). Presently, the O.
cf. siamensis clade includes strains from the
Atlantic Iberian Peninsula, the Mediterranean Sea,
New Zealand and Australia (David et al., 2013;
Verma et al., 2016b), based on ribosomal sequence
similarity.
A recent detailed phylogenetic study on the
diversity of Ostreopsis in the Gulf of Thailand,
including sites from the area where O. siamensis
was originally described, allowed the identification
of two major clades in the area, O. cf. ovata and
Ostreopsis sp. 6, none of which coincided with the
clade known as O. cf. siamensis (Tawong et al.,
2014).
The present work aims at clarifying the taxonomic
status of the ribotype known as O. cf. siamensis,
based on previous studies and new morphological,
molecular and toxicology data.
Materials and Methods

Fig. 1. Study and sampling area (Amorim et al. 2013,
David et al. 2013; Laza-Martínez et al. 2011).

Study area and sampling
Epiphytic and planktonic samples were collected
from the Atlantic coast of the Iberian Peninsula
(Fig. 1). Samples were observed, and cells were

isolated and cultured under controlled laboratory
conditions (f/20; 19 ºC; 12L:D). Nineteen strains of
O. cf. siamensis were successfully established and
are presently kept at the algae culture collection of
the University of Lisbon (ALISU).
Morphological analysis
Cultures and Lugol field-fixed samples were
observed under the light and scanning electron
microscopes, following the methods of David et al.
(2013).
Phylogenetic analysis
Approximately 30 ml of exponentially growing
cultures were harvested by centrifugation. DNA
was extracted and purified using the GRS genomic
DNA kit following the manufacturer’s instructions
(Grisp, Portugal). Amplification was carried out
with primers ITSA and ITSB (Adachi et al., 1994)
for the ITS-5.8S rDNA region according to Silva et
al. (2015). Phylogeny was supported by Maximum
Likelihood (ML), Maximum Parsimony (MP) and
Neighbour Joining (NJ) methods. Uncorrected
genetic pair-wise (р) distances were calculated
from the ITS alignment using Mega7 software.
Toxin profile by Liquid Chromatography-High
Resolution Mass Spectrometry (LC-HRMS)
Cultures (105 – 106 cells) were centrifuged to
separate cell pellets and culture media. Samples
were kept frozen at -20ºC until analysis. Both
pellets and media were extracted following
Tartaglione et al. (2016) and all the extracts were
analysed by LC-HRMS following Ciminiello et al.
(2015).
Toxicity test with a mammalian cell line
Vero E6 cells were cultivated in 96-well culture
plates, at 37ºC in DMEM medium supplemented
with 10% foetal serum. The toxicity assay
consisted in exposing cell cultures to dilutions of
Ostreopsis cell extracts (0, 1/2, 1/4, 1/8) and
respective culture medium. The cultures were
incubated for 24 hrs at 37 ºC. A strain of toxic O.
cf. ovata was used as positive control of toxicity
and 100% viability correspond to non-treated Vero
E6 cultures. The MTT viability assay was carried
out and absorbances were recorded. Results reflect
the number of viable cells present in each well.
Results and Discussion
Phylogeny
The alignment included 73 sequences, 25 from O.
cf. siamensis of which 14 were from the present
study. The sequences assigned to O. cf. siamensis
grouped in a very homogeneous clade (Fig. 2),
showing an intra-clade distance of 0.001 (Table 1).
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Considering the genetic distance of O. cf.
siamensis to other species within Ostreopsis (Table
1), the minimum genetic distance was 0.113 to O.
rhodesiae. This value is well above 0.04, the value
proposed by Litaker et al. (2007) as the minimum
genetic distance allowing deli-neation of species in
free-living dinoflagellates.

siamensis, namely the presence of cell undulation
in lateral view, in conformity with the original
description and drawings by Schmidt (1901).
Table 1. Uncorrected genetic ρ-values (net average
genetic distances) between Ostreopsis sequences
included in the phylogenetic analyses. In diagonal
are within-clade distances.

The absence of the O. cf. siamensis clade from the
area where O. siamensis was described, and the
well-defined ribotype O. cf. siamensis, with 0.113
as the minimum value of divergence with its closest
clade, means there is support from phylogeography
to its consideration as a separate species.

Fig. 2. ML phylogenetic tree of the genus Ostreopsis
inferred from ITS-5.8S ribosomal gene sequences. The
tree is rooted with Coolia monotis as outgroup.
Numbers on the major nodes represent from the left to
right NJ, MP, ML (1,000 pseudoreplicates).

Recent work on the diversity of the genus
Ostreopsis in Thailand, identified two clades of O.
cf. ovata and a clade identified as Ostreopsis sp. 6
in the Gulf of Thailand, where O. siamensis was
described from, but did not detect strains belonging
to the European/Oceanian ribotype of O. cf.
siamensis (Tawong et al., 2014). In the absence of
biological type material of O. siamensis, the latter
study provides an insight into its possible
molecular identity, namely it suggests that the type
of O. siamensis belongs to one of the clades found
by these authors, Ostreopsis sp. 6 (Fig. 2). This
clade included Ostreopsis strains from the Gulf of
Thailand, and from Japan and Malaysia. Tawong et
al. (2014) gave further supporting morphological
evidence that this could be considered the true O.

Morphological description
Cells are markedly antero-posterior compressed,
tear-shaped to almost round. Cells with no
undulation in side view. Dorsoventral diameter in
cultures and field: 26-83 µm (54.3 ± 13.8 µm);
Width: 13-71 µm (37.1 ± 9.8 µm). Cells in culture
show morphological variability even within clonal
strains. Figure 3 illustrates the observed variability:
elongated vs round hypotheca (Fig. 3a, b), different
size of the 7′′ plate (Fig. 3d, e), diversity in cell size
(Fig. 3c) and variable apical pore (Fig. 3f, g).
Thecal plates are smooth, covered with randomly
distributed pores sometimes with two distinct sizes
as previously noticed (David et al., 2013). Plate
formula Po, 3′, 7′′, 5′′′, 2′′′′ and 1p.
Distribution
Ostreopsis cf. siamensis is common in the Atlantic
coast of Iberia (Amorim et al., 2010, 2013; LazaMartínez et al., 2011; David et al., 2013). Based on
molecular data, this species is also present in the
Mediterranean Sea and in the South West Pacific
(New Zealand and Australia).
Toxicity
The presence of all the palytoxin analogues so far
known (>20) was investigated by LC-HRMS but
none of the known congeners was detected. Some
potentially new palytoxin congeners, based on their
characteristic ionization behaviour, could be
present. Further investigation is necessary for their
characterization.
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The Vero cells assay indicated that all analysed
strains of O. cf. siamensis had toxicity.
Cytotoxicity levels decreased from the undiluted
samples to the 1/8, from 83-94% of toxicity to 019%. The positive control always showed toxicity
over 94%.
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Fig. 3 – SEM micrographs of O. cf. siamensis showing
variability of cultured strains. a, b - hypotheca, c group of cells, d, e - epitheca, f, g - Apical pore plate
and plate 2′.

Conclusions
Ostreopsis cf. siamensis is a well-defined ribotype
that is not present in the area where O. siamensis
was originally described. It is present along the
Atlantic coast of Iberia, the Mediterranean Sea and
in a few locations in the south Pacific. Given the
genetic distinctiveness and the phylogeo-graphic
differences with its morphologically similar
species, we propose that the referred ribotype O. cf.
siamensis should be considered a species different
from O. siamensis Schmidt and other nominal
species. A detailed comparative morphological
analysis should show to what extent it is
morphologically cryptic in respect to other similar
species.
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Abstract
Members of Amphidinium are among the most diverse benthic dinoflagellates worldwide, as they range from
freshwater to marine sandy sediments in tropical, sub-tropical, and temperate ecosystems. Some Amphidinium
species can still be qualified as cryptic. This issue proves to be of great importance, as diverse reports have
demonstrated the potential toxicity of some species, with the dangers it can result from, such as fish mortality.
The correct species level identification is therefore critical for a deeper insight into the ecology of the different
species, which could help understand the causes and mechanisms of the toxin production. The current study
focused on the identification of strains isolated from diverse areas from the Bay of Biscay (Spanish Basque
Coast; eleven strains) and the Mediterranean Sea (Spanish, Maltese and Slovenian coasts; nine strains). The
semi cryptic nature of some of the species hampered their morphological identification, highlighting the need
for the molecular identification of the strains. For this purpose, we proceeded to the amplification of the D1D3 region of LSU rDNA by PCR, followed by a phylogenetic analysis. Five species were identified from the
Bay of Biscay. Most of the strains belonged to the A. operculatum complex (four strains), followed in
occurrence by A. carterae (two strains), A. thermaeum (two strains), A. tomasii (two strains) and A. massartii
(one strain). In the Mediterranean Sea the species A. carterae (six strains) A. thermaeum (one strains), A.
massartii (one strain) and A. operculatum (one strain) were identified. In the case of A. operculatum the
morphological identification was consistent with the molecular identification. On the other hand, the molecular
identification uncovered a cryptic diversity among strains identified as A. carterae by morphology.
Keywords: Amphidinium, Bay of Biscay, Mediterranean Sea
Introduction
The Amphidinium genus is among the most diverse
dinoflagellates, as its species range from
freshwater (e.g., Amphidinium achromaticum and
A. aeschrum) to marine environments (e.g., A.
carterae) in tropical, sub-tropical, and temperate
ecosystems (Larsen & Patterson, 1990; Flø
Jørgensen et al., 2004; Dolapsakis & EconomouAmilli, 2009), making the genus extremely
cosmopolitan. Amphidinium species grow mainly
associated to the benthos (e.g. epiphytic,
epipsammic), but other lifestyles were also
recorded, such as endosymbiotic. The genus is also
highly conserved morphologically. Indeed, several
species although possessing almost no structural
and/or ultrastructural difference, present clear
genetic distinctions between one another, making
morphological identification challenging at best.
As our understanding of the morphological and
genetic diversity of this genus has increased in
recent years (Flø Jørgensen et al., 2004; Murray et
al., 2004), some original descriptions of species
may no longer be adequate to identify them.

Cryptic species diversity has been detected already
(Murray et al., 2012), and it is highly likely that
further cryptic species will be found. Some
Amphidinium species have been reported to be
toxic (Matsunaga et al., 1999; Rhodes et al., 2010;
Karafas et al., 2017) and to be involved in HAB
events in various areas worldwide (Baig et al.,
2006; Murray et al., 2015). Despite the progress in
the study of this genus, some species are still
widely considered difficult to identify, which poses
a major obstacle when trying to address this genus
in environmental samples. As a consequence, most
studies only refer to the genus level of these
dinoflagellates. Investigations on Amphidinium in
the Mediterranean Sea, and especially the Bay of
Biscay are quite rare. Therefore, a need for a clear
identification of Amphidinium individuals to the
species level is of greater importance, as it is
critical for a deepen insight into the ecology and the
potential exploitation of the different organisms, as
several of its bioactive compounds have potential
hemolytic, antimicrobial, and antitumoral
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properties (Kobayashi et al., 1991; Matsunaga et
al., 1999; Kobayashi & Tsuda, 2004). This will in
consequence help further research in both the
medical and ecological fields the understanding of
the causes and processes of toxin production and
their associated action mechanisms.
Materials and Methods
Culture
Twenty Amphidinium strains were isolated from
macrophyte samples and sediments collected in
several areas of the south-east of the Bay of Biscay
and the western Mediterranean Sea (Spanish,
Maltese, and Slovenian Coasts) (Fig. 1).
Macrophytes were put in a bottle with seawater and
were shaken to detach the epiphytes.

Fig. 1. Locations of the sampling sites from the Bay of
Biscay and the Mediterranean Sea. [1] Getxo (1 strain),
[2] Mundaka (3 strains), [3] Donostia/San Sebastian (7
strains), [4] Peñiscola (1 strain), [5] Torrevieja (1
strain), [6] Mallorca (1 strain), [7] Piran (5 strains), [8]
Malta (1 strain).

The samples with suspended microalgae were
observed under an inverted microscope and
individual Amphidinium cells were picked with a
glass capillary and transferred into fresh medium to
establish nonaxenic clonal cultures. Successfully
established strains were then grown in test tubes,
using 10 mL of 35 psu F/2 medium (Guillard,
1975). Cultures were kept in a culture chamber at
18°C, with a 12:12 light:dark cycle.
Light microscopy
Micrographs and morphometric measurements
were obtained using a LeicaTM DMRB microscope
with a Nikon DS-Fi1 digital camera (Nikon,
Tokyo, Japan) mounted with a Nikon DS-U2
digital sight (Nikon, Tokyo, Japan). Images and
measurements were processed with NIS-elements
Imaging software. Length and width of 30
individuals for every strain were measured.
Particular features such as metabolic movement
were as well noted. A first approach to

morphospecies identity of every strain was
performed, from the measurements and the
determined features.
DNA extraction, amplification, and sequencing of
LSU rDNA domains D1-D3
For DNA extraction of Amphidinium strains, a 1.5
mL volume of culture was collected with a plastic
Pasteur pipette, then put into Eppendorf tubes.
Tubes were centrifuged with a BIOSAN®
Microspin FV-2400 in order to obtain a clear pellet
of cells. A volume of the pellet varying from 5 to
15 μL was taken and put on a microscope slide. A
few cells (between 15 and 30) were collected with
a capillary glass taking the least amount of medium
possible. The cells were introduced into PCR tubes
previously filled with 23 μL of PCR water. PCR
tubes were frozen and thawed a couple of times to
secure the lysis of cells, to be then safely conserved
at -20°C.
LSU rDNA (D1-D3) amplification by PCR
proceeded as followed: 2.5 μL of each primer D1R
and D3B, as well as 20 μL of BioMix™ mixture (a
complete, ready-to-use, 2x reaction mix containing
ultra-stable Taq DNA polymerase) were added to
the PCR tube containing the water with the cells.
The PCR amplification was carried out in a BIOER
Technology Co. Thermal Cycler TC-24/H. The
cycling conditions consisted of an initial
denaturing step of 95°C for 10 min, followed by 35
cycles of 94°C for 1 min, 54°C for 2 min, and 72°C
for 3 min, followed by a final extension step of 10
min. Amplification products were sent to the
genomic services of SgIker in the UPV/EHU for
purification and Sanger sequencing using the same
amplification primers.
Phylogenetic analysis
Forty-nine Amphidinium sequences belonging to
12 species and three outgroup sequences selected
to root the tree were chosen from the GenBank.
Sequences were aligned with the ClustalW
algorithm, on the BioEdit© software.
The phylogenetic tree construction was performed
through a Maximum Likelihood analysis on the
MEGA X® software. The substitution model was
the Kimura 2-parameter model with a discrete
Gamma distribution rate (G) of 4, completed with
a 1000 Bootstrap replications test, a complete
nucleotide gap deletion, and a Nearest-NeighborInterchange (NNI) ML heuristic method.
Results and Discussion
In light of the different observations carried out
during light microscopy, some strains exhibited
metabolic movement, which was in consequence
determining in the species level identification,
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leading to the A. thermeaum species. Strains
assumed to belong to the A. operculatum were
much easier to identify than the other strains.
Molecular results displayed through the
phylogenetic tree illustrated a species distribution
of seven strains different from our first
morphospecies assumption (Table 1), while the A.
operculatum clade perfectly matched with the
microscopic observations.

Donostia G

Donostia

Altogether, five Amphidinium species, A. carterae,
A. massartii, A. operculatum, A. thermaeum and A.
tomasii, have been identified in the Bay of Biscay
and western Mediterranean Sea. All species except
A. tomasii, that was only found in the Bay of
Biscay, were observed in both areas. However, A.
carterae was represented by four different lineages
in the Mediterranean Sea, whereas in the Bay of
Biscay only one lineage was found. Overall, our
results have successfully characterized the
different strains within the Bay of Biscay and the
Mediterranean Sea, highlighting the cryptic species
and uncovering their hidden biodiversity.
Additional studies can be carried out in order to
further describe any overlooked morphological
features, as well as observing their ecology, and
toxicity, which could lead to the inclusion of the
described species into current assessment
programs.

Mundaka A

Mundaka
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Table 1. Compiled results of the Amphidinium
morphospecies assumptions from phylogenetic
analysis.
Species

Strains
Mundaka C
Getxo

Site
Mundaka
Getxo

Mallorca

Mallorca

Torrevieja

Torrevieja

A. carterae

Piran A
Piran B
Piran C

Piran

Piran D

A. thermeaum

Donostia B
Donostia C
A. operculatum

Donostia D

Donostia
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Donostia F
Piran Grande
Donostia E

Piran
Donostia

A. massartii

Malta
A. tomasii

be highly similar in terms of morphology to A.
carterae. This information further supports the
cryptic nature of the species that has already been
mentioned (Murray et al., 2012), as the results
showed that highly similar morphologies among
several species can completely overlap structural
and/or ultrastructural features.

Malta

Donostia A

Donostia

Mundaka B

Mundaka

This supports the idea that identification of
specimens belonging to A. operculatum can be
realized with a relative confidence in the
morphologic characterization. This was, on the
other hand, not the case for all of the other species,
as only a handful of A. carterae were correctly
identified during our morphospecies assumption:
Piran A, B, C & D, Torrevieja, Mallorca, Getxo,
and Mundaka C. Seven strains were incorrectly
identified based on the morphological features:
Donostia A, E & G, Mundaka A & B, Malta &
Peñiscola. The genetic results showed that these
strains in fact belong to diverse species known to
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Abstract
A bloom of a thecate chain-forming dinoflagellate from the genus Alexandrium was reported at the main
touristic Uruguayan beach “Punta del Este” in January 2017 (austral summer). This area is under routinely
harmful algae monitoring programme since 1980. The bloom reached a density of 1.2x106 cells l-1 estimated
by Utermöhl method. Other two bloom-forming species belonging to Alexandrium genus previously reported
for this area were the Paralytic Shellfish Toxins (PST) producer Alexandrium tamarense/catenella (associated
to high toxicity levels in mussels between 1991 and 1996) and Alexandrium fraterculus, a non-toxic species.
Light microscope and SEM analyses of Alexandrium specimens from the bloom were accompanied by
molecular identification (LSUrDNA gene sequencing). LSUrDNA gene sequence confirmed Alexandrium
affine as the causative species. This is the first report of this species for the Southwestern Atlantic Ocean.
During the bloom, no PST were reported in mussels from the area by the mouse bioassay official method.
Moreover, PSTs were neither detected by liquid chromatography with fluorescence detection (LC-FLD),
although a very low signal registered in the chromatogram could be attributed to possible traces of GTX3,
which should be confirmed in future studies. The report of this cyst-forming species in this intensively
monitored area is an example of the global geographic expansion trend for phytoplankton species that could
pose the risk of potentially toxic species in this region.
Keywords: Alexandrium affine, Uruguay, molecular study
Introduction
The genus Alexandrium harbours a large number of
species potentially producing paralytic shellfish
toxins (PST) worldwide and it has been thoroughly
studied because of its ecological, toxicological and
economic impacts (Balech 1985). In Uruguay from
1991 to 1996, PST in mussels were detected above
regulatory levels every year associated with the
presence of A. tamarense/catenella at late winter
and early spring period (Méndez et al., 1996,
Méndez and Ferrari 2002). The toxic profile of this
species was determined from cultures initiated
from resting cysts (Méndez et al., 2001). The chain
forming Alexandrium fraterculus had been
reported for this area, associated to the austral
summer- autumn period, from 1992 to 2016,
without any associated toxicity in the local wild
mussels (Méndez et al. 1993, Méndez and Brazeiro
1993; Méndez and Ferrari 1995, Martínez et al
2016).
In early January 2017, a bloom of a chain-forming
Alexandrium species was reported by the
monitoring programme. The species developed

high cell density along the Uruguayan coast,
reaching 1.2x106 cells l-1 at Punta del Este and no
toxicity was reported during this period in wild
mussels from this area.
Materials and Methods
Surface samples for quantitative phytoplankton
analysis were taken weekly at Punta del Este
station (Fig 1) and fixed with Lugol, from January
1st to March 30th 2017. Temperature and salinity
were measured with an YSI probe. Samples were
counted in sedimentation chambers, using
Utermöhl method (1958) under inverted
microscope Leitz Labovert FS. Images were taken
at the inverted confocal microscope with a Nikon
camera at the IIBCE (Instituto de Investigaciones
Biológicas Clemente Estable). During the
maximum bloom density, a surface water sample
(250 ml) was taken at Punta del Este beach. Two
subsamples (50 ml) were fixed with Lugol and 2
subsamples (50 ml) were fixed with Ethanol at 95%
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for molecular analysis. A live sample (500 ml) was
kept dark at room temperature for 12h. Then, it was
concentrated to 40 ml and divided in two aliquots.
One aliquot of 10 ml was filtered through Millipore
0.22 μm to collect cells and the filter was
introduced into an Eppendorf tube filled with HCl
0.1M for toxin analysis. The other aliquot of 30ml
was fixed with Lugol.
Molecular analysis
An environmental sample of the Alexandrium
bloom (fixed with Lugol’s neutral solution) was
used to pick cells manually (around 20-50) with a
micropipette into 200 µl microtubes. Samples were
centrifuged (5,000 rpm, 5 min), rinsed carefully
with distilled water and centrifuged again.
Supernatants were discarded and kept at -80ºC until
further molecular analysis.
Partial LSUrDNA gene amplification (D1-D2
domains) was performed by polymerase chain
reaction (PCR) in an Eppendorf Mastercycler
EP5345 using Horse-Power™ Taq DNA
Polymerase MasterMix 2x (Canvax, Spain), using
the
pair
of
primers
D1R/D2C
(5’ACCCGCTGAATTTAAGCATA-3’/5’ACGAACGATTTGCACGTCAG-3’; Lenaers et
al. 1989). PCR conditions were as follows: initial
denaturation at 94°C for 5 min, 35 cycles of
denaturation at 94°C for 35 sec, annealing at 52°C
for 35 sec, extension at 72°C for 1 min, and a final
extension cycle at 72°C for 7 min.
A 8 µL aliquot of each PCR was checked by
agarose gel electrophoresis (1% TAE, 80 V) and
SYBR™ Safe DNA gel staining (Invitrogen,
Carlsbad, CA, USA). The PCR products were
purified with ExoSAP–IT (USB, Cleveland, OH,
USA), sequenced using the Big Dye Terminator
v.3.1 reaction cycle sequencing kit (Applied
Biosystems, Foster City, CA, USA), and separated
on an AB 3130 sequencer (Applied Biosystems) at
the CACTI sequencing facilities (Universidade de
Vigo, Spain). The LSUrDNA gene sequence
obtained (685 nt) was deposited in GenBank
database (Acc. N° MH973264. in Fig. 6).
The sequence of the studied Alexandrium cells and
41 related Alexandrium spp. obtained from
GenBank were selected and aligned using BioEdit
v.7.2.5. A sequence from Prorocentrum micans
was used as outgroup. The final alignment for the
LSUrDNA phylogeny consisted of 518 positions.
The phylogenetic model was selected using MEGA
7 software. Tamura-Nei model (TN93; Tamura and
Nei 1993) with a gamma-shaped parameter (
=0.663) was selected.
The phylogenetic relationships were determined
according to the maximum likelihood (ML)
method using MEGA 7 and the Bayesian inference

method (BI) with a general time-reversible model
from MrBayes v.3.2 (Huelsenbeck and Ronquist
2001). The two methods rendered very similar
topologies. The phylogenetic tree was represented
using the ML results, with bootstrap values from
the ML method (n=1,000 replicates) and posterior
probabilities from the BI method. Bootstrap values
<60% and probabilities <0.6 are denoted by
hyphens. Branch lengths are measured in the
number of substitutions per site.
Toxins
During the bloom were collected 1.5x105 cells for
analysis of PSTs. Extraction of toxins from
microalgae was performed with 1500 µL of HCl
0.1 M and this extract was stored at -20ºC until
chromatographic analyses. Before toxin analyses,
sample was filtered by PTFE syringe filter (0.45
µm, 30 mm diameter) and 10µL were injected.
Determination of PSTs was performed by LC-FLD
with post-column oxidation following the method
proposed by (Rourke et al. 2008) with slight
modifications. A Waters Acquity ultra
performance liquid chromatography (UPLC)
system (Waters, USA) was used for toxin analysis.
Separation of different PSTs was carried out on a
Zorbax Bonus RP column (4.6 x 150mm, 3.5µm
particle size). Mobile phase A was 11 mM
heptanesulfonate in a 5.5 mM phosphoric acid
aqueous solution adjusted to pH 7.1 with
ammonium hydroxide. Mobile phase B consisted
of 88.5% 11 mM heptanesulfonate in a 16.5 mM
phosphoric acid aqueous solution adjusted to pH
7.1 with ammonium hydroxide and 11.5%
acetonitrile. Both of the mobile phases were
filtered through 0.2 µm membrane filter before use.
Gradient was run at a flow rate of 0.8 ml min-1
starting at 100% A that was held for 8 min. Then,
mobile phase B was linearly increased to 100% in
8 min. This percentage was held for 9 min and then
returned to 100% A in 0.1 min. The total run time
was 30 min but 5 min of equilibration time was
allowed prior to the next injection. Derivatization
of the eluate from the column involved mixing
continuously with 7 mM periodic acid in 50 mM
potassium phosphate buffer (pH 9.0) at a flow rate
of 0.4 mL min-1 and heating at 65ºC by passage
through a Teflon coil (0.25 mm i.d., 8 m long).
Then, it was mixed with 0.5 M acetic acid at 0.4 ml
min-1 until neutralization of pH. Fluorescence
detector was operated at an excitation wavelength
of 330 nm and emission was recorded at 390 nm.
PSP standards for GTX4, GTX1, dcGTX3,
dcGTX2, GTX3, GTX2, neoSTX, dcSTX and STX
were acquired from the NRC Certified Reference
Materials program (Halifax, NS, Canada).
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Fig. 1. Study area

Results and discussion
Taxonomic characteristics
Cell is isodiametric (24 µm in diameter), a little
longer than wide when is in chain. Length of cells
in this bloom ranged between 22.3-28.5 µm (Fig.
2). The Po is long and bullet shaped (Fig. 3A-B),
which is one of the most characteristic features of
this species. The dorsal is straight and the laterals
of this plate are parallel in the dorsal 2/3 of the
plate. Plate 1´ is connected directly with the Po and
has a ventral pore at about half height (Fig.3C-D).
The description is coincident with Balech (1995).

Fig.2. Confocal micrographs of cells fixed with Lugol
Solution. A) ventral view of a single cell of
Alexandrium affine from Uruguay, B) chain forming of
4 cells (IIBCE- Uruguay). Bar=20 µm.

Fig. 4. Alexandrium affine from Uruguay. A) Epitheca
and Hipotheca, B) Epitheca details of Po, 1´ to 4´apical
plates and 1´´to 6´´precingular plates; C) Hipotheca
plates with sulcal posterior SP, and postcingulars 4´´´
and 5´´´.

The sulcal posterior plate (S.p.) has a round pore
that is linked to the right margin by a small channel.
(Fig 4C). The taxonomical characteristics seeing
both at optic and electronic microscopy, coincide
with A. affine.
Molecular study
The phylogenetic tree shows the clear coincidence
of the sample with other sequences of Alexandrium
affine available in GenBank database (Fig.5).
Toxins
A mixture of 9 PSP toxin standards was prepared
and 3µL were injected on column. Retention times
recorded for each one of the toxins were: GTX4
(RT 7.23 min, 0.253 ng/µL), GTX1(RT 8.29 min,
0.777 ng/µL), dcGTX3(RT 11.96 min, 0.057
ng/µL), dcGTX2(RT 12.97 min, 0.255 ng/µL),
GTX3 (RT 14.13 min, 0.107 ng/µL), GTX2(RT
15.59 min, 0.282 ng/µL), neoSTX (RT 21.30 min,
0.320 ng/µL), dcSTX (RT 23.72 min, 0.191 ng/µL)
and STX (RT 24.52 min, 0.234 ng/µL). This
species was classified by Anderson et al. (2012), as
typically low toxic or non-toxic species. Only one
report mentions the production of STX, NEO and
GTX1-4 (Nguyen-Ngoc (2004).
They were not detected GTX4, GTX1, dcGTX3,
dcGTX2, GTX2, neoSTX, dcSTX neither STX in
the A. affine extract here analyzed. A peak that
elutes at the same retention time that GTX3 (RT
14.13 min.) was observed in the sample at trace
levels. To confirm the presence of GTX3 in cells
of this microalgae species more samples must be
collected and analyzed.

Fig. 3. Alexandrium affine from Uruguay. Electronic
microscopy A-B Po plate. C-D 1´plate.
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Abstract
Paralytic shellfish poisoning toxins (PSTs) are secondary metabolites of some toxic species of phytoplankton.
The consumption of bivalve shellfish having accumulated these toxins can lead to potentially fatal neurotoxic
food poisoning. Cases of toxicity by PSTs occur regularly along the Moroccan coastal waters and have been
responsible for severe cases of intoxication in the early 90s. In recent years, the southern Moroccan Atlantic
coasts have been particularly affected by strong toxicity episodes and more frequent occurrence of toxic
phytoplanktonic species. Within the Moroccan statutory shellfish biotoxin monitoring programme established
by the National Institute of Fisheries Research (INRH), a study of PSTs was conducted from 2004 to 2018 in
south Moroccan’s shellfish. Two shellfish species were studied; the brown mussel (Perna perna) sampled from
south Agadir region and razor clam (Solen marginatus) from Dakhla bay. In parallel, monitoring of toxic
phytoplankton in seawater was conducted. The aim of this study was to compare the results of three different
methods: high performance liquid chromatography with post column derivatization and fluorescence detection
(HPLC-FLD), Receptor Binding Assay (RBA) and mouse bioassay (MBA) for determining PSP toxicity in
Moroccan shellfish.
The PST toxicity was associated with Alexandrium cf. minutum identified in seawater of south Moroccan
coasts. These toxic episodes were widely distributed in time and space and mainly detected during the summer
and autumn season. On several occasions toxicity exceeded the sanitary threshold (800 μg eq STX/kg). The
PST profile identified by HPLC was dominated by gonyautoxins 2, 3 and a trace of saxitoxin. Comparison
between the different methods used in PSTs analysis revealed that MBA data were statistically significantly
correlated with RBA (Pearson r = 0.81).
Keywords: Paralytic shellfish poisoning, Alexandrium, Morocco, HPLC/FLD, RBA, MBA
Introduction
From 1998 to 2016, several episodes of shellfish
contamination with PSTs were reported both in the
Moroccan Mediterranean and Atlantic coasts, but
no case of human intoxication were reported during
this period (Abouabdellah et al; 2008; 2011; 2017).
In the aim to protect the shellfish consumers, a
phycotoxin and toxic phytoplankton monitoring
system was established in the early nineties by the
National Institute for Fisheries Research (INRH)
along the Moroccan coasts.
Materials and Methods
Monitoring of PSTs and lipophilic toxins are
carried out by biological method on the mussels
from four shellfish areas in the Agadir region.
Analysis of two samples from Laayoune and
analysis of 12 samples from Dakhla bay (mussels,

razor clam, oyster and cockels) (fig. 1). Regarding
samples for ASP toxin analyzes are analyzed
weekly by chemical method (HPLC). Other
methods were used for analysis of PSP toxins in the
aim to determine the spatio-temporal variation
during the last decade and for determination of
different toxin profiles.
A new method RBA (Receptor Binding Assay) was
used in the detection of PSTs and was compared
with the MBA.
Analysis of PSP toxins by biological method
PSTs were analysed by MBA according to
Association of Official Analytical Chemists
(AOAC) method 959.08 (1995). 100 g of
homogenized tissues was mixed with 100 ml of
chlorydric acid 0.1 M (pH adjusted to 3) and the
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extract boiled for 5 min. After cooling, the pH
was adjusted to 3 by HCl 5 M or NaOH 0.1 M.
Then the mixture was centrifuged at 3000g for 15
min. One millilitre of the super-natant was
injected intraperitoneally into three 1 8 - 20 g
albinos mice. The values were expressed in µg
STX eq/kg meat.

regulatory limit (fig 2). At Dakhla bay, PSTs were
detected in the end of December 2006 and
beginning of January 2007 in different shellfish
(mussels, oysters, cockles and razor clams).
In Dakhla Bay, in the exception of razor clam
where PSTs concentrations exceeded 1215 μg eq.
Stx / kg, the concentrations in other bivalves did
not exceed the thresholds (800µg eq. STX/kg), the
maximum recorded was that recorded in the
Boutalha in December 2006. At Laayoune region,
the PSTs were detected from June to August 2005
with a maximum of 450 μg eq. Stx / kg.

Fig. 1. Shellfish sampling sites in the south of Morocco

Phytoplankton analysis
Phytoplankton identification and especially the
potentially harmful species (HABs) were identiﬁed
and ennumered by inverted microscopy using the
Utermohl method (1958).
Analysis of PSTs by chemical method
PSTs profiles were determined by HPLC/FLD
according to Thielert et al. (1991), modiﬁed by Yu
et al. (1998).
Analysis of PSTs by radioactive method
PST detection by RBA was conducted using the
AOAC method OMA 2011.27.
Results and Discussion
Detection of PSP
Results of PSP monitoring in south of Agadir
showed that several episodes of mussel toxicity
were recorded from 2004 to 2018. At the beginning
of this study in 2004, the concentrations did not
exceed the toxicity threshold, the maximum level
value was 715 μg of eq STX/kg found in June 2006.
During the period 2007-2010, these toxins were not
detectable. From 2011 until 2018, these toxins
were detected in November 2011, May 2012, May
2014, August and September 2015 and in July of
2017 and 2018 with concentrations exceeding eight
times the threshold. When PSTs exceeded the
regulatory limit (800 eq. μg STX/kg), the collection
and commercialization of shellfish was prohibited
until the toxin levels decreased below the

Fig 2. Detection of PSTs in mussels of South of Agadir
(Morocco)

HABs monitoring
Monitoring of Alexandrium spp in the south of
Agadir area starts from 2004. Thus, the
Alexandrium concentrations show significant
spatial and temporal variability (fig. 3). Indeed, the
taxa has been irregularly present, at low
concentrations in winter. The maximum
concentrations reached 1.5×103 cell L-1 in spring
2014. Then, the species mark a major efflorescence
in August 2015 with 6.12×103 cell L-1. In 2017 and
2018 Alexandrium recorded higher concentrations
in spring and summer respectively (~103 cell L-1.)
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Detection of PSPTs by MBA, RBA and HPLC
All samples with toxicity superior to sanitary
threshold were detected by RBA, this method
allowed detection of very small amount of PSTs
(fig. 5). LOD of RBA and MBA were 35.24±5.99
and 325 µg STX equi. per kg, respectively.
Despite the effectiveness of the mouse test in the
PSTs monitoring it remains semi quantitative and
over estimates the real toxicity of the samples,
beside the use of animals and the large amount of
standards needed. Concerning the RBA method, it
Fig 3: Variation of Alexandrium spp in seawater of
South of Agadir (Morocco).

Toxic potential of Alexandrium species from
Agadir will be studied in culture for determination
of toxin profile and overall toxicity.
The agitated areas they will not be breeding
grounds for the proliferation of this dinoflagellates,
often inhibited by agitation, this will explain the
low concentrations of this species it should be
noted that concentrations along the water column
may be higher than in the surface
PSTs profile
At Dakhla Bay and Agadir region: analyzes of
PSTs profiles by HPLC/FLD in razor clams and
mussels showed a presence of carbamate toxins,
especially gonyautoxines (GTX1,2,3,4) and
saxitoxins. GTX2 and 3 were the most dominant
with minority of saxitoxin (fig. 4)

Fig. 5. Detection of PSTs by RBA and MBA in
Agadir’s mussels

is very sensitive and faster but the use of
radioactivity requires special conditions of use.
However, the comparison between the different
methods used in PSTs analysis revealed that MBA
data were statistically significantly correlated with
RBA (Pearson r = 0.81). The RBA method limit of
quantification was found to be 10-fold lower than
that of the MBA method (35.24 ± 5.99 μg STX eq.
per kg and 325 μg STX eq. per kg, respectively).
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Abstract
Marine neurotoxins rapidly move up the food chain through shellfish that filter-feed on toxic dinoflagellate
species constituting a serious hazard for Public Health. Monitoring of regulated marine toxins is performed by
physicochemical analyses. It is essential however to develop functional bioassays as an alternative to mouse
bioassay for high-throughput detection of novel and emergent marine toxins. Cyclic imine toxins are very-fast
acting neurotoxins highly lethal to mice acting as potent antagonists of nicotinic acetylcholine receptors.
Although not regulated, chronic exposition to cyclic imine toxins is of concern given their high affinity for
neuronal and muscle nicotinic receptors and their capacity to cross the intestinal and the brain blood barriers.
A series of bioassays based on the mode of action of cyclic imine toxins are here reviewed.
Keywords: Cyclic imine toxins, gymnodimines, spirolides, pinnatoxin, receptor-binding assay, toxin fishing
Introduction
Cyclic imines toxins (CiTXs) constitute a large
family of emergent marine phycotoxins associated
with harmful algal blooms and shellfish toxicity
(Gueret and Brimble 2010; Stivala et al., 2015).
The growing family of CiTXs purified from toxic
dinoflagellates and/or contaminated shellfish
includes 43 toxic members: 7 gymnodimines (A-E
and 12-methylgymnodimine), 16 spirolides (SPX)
(A-D, G-I, 13-desmethyl SPX-C, 27-hydroxy-13desmethyl SPX-C, 13,19-didesmethyl SPX-C, 20hydroxy-13,19-didesmethyl-SPX-C, 27-hydroxy13,19-SPX-C, 27-oxo-13,19-dides-methyl SPX-C,
13-desmethyl
SPX-D,
20-hydroxy-13,19didesmethyl-SPX-D and 20-methyl-SPX-G), 8
pinnatoxins (A-H), 3 pteriatoxins (A-C), 1
spiroprorocentrimine, 6 prorocentrolides and 2
portimines (A and B). Karenia selliformis
synthesises
gymnodimines.
Alexandrium
ostenfeldii strains produce spirolides and 12methylgymnodimine. Prorocentrum sp. produces
prorocentrolides.
Vulcanodinium rugosum
produces pinnatoxins and portimines. (For
references see : Fribley et al., 2018; Zurhelle et al.,
2018; Molgó et al., 2017; Stivala et al., 2015;
Gueret and Brimble 2010; Torigoe et al., 1988).
Early reports on CiTXs go back to the eighties
(Torigoe et al., 1988) and their physicochemical
characterization back to the nineties (Hu et al.,
1995; Seki et al., 1995; Uemura et al., 1995).
CiTXs exhibit strong neurotoxicity to mice by oral

or intraperitoneal administration at lethal doses
provoking transient hyperactivity, followed by a
decrease of the respiratory rate with prominent
abdominal breathing leading to death by
respiratory arrest within 3-5 minutes following i.p.
administration (Kharrat et al., 2008; Selwood et al.,
2010; Takada et al., 2001). In fact, cyclic imine
toxins were long-time considered as false positives
for lipophilic toxin monitoring by mouse bioassay
forcing in the past the prophylactic closure of
conchylicultural activities in Foveaux Strait, New
Zealand (Seki et al., 1995) and Arcachon, France
(Amzil et al., 2007). CiTXs display potent
antagonism and broad selectivity towards muscle
and neuronal nicotinic acetylcholine receptors
(nAChRs) (Aráoz et al., 2011; Molgó et al., 2017;
Stivala et al., 2015). Although not regulated in
Europe, chronic exposition to CiTXs is of concern
given their high affinity for neuronal and muscle
nAChRs and their capacity to cross the intestinal
and the brain blood barriers (Alonso et al., 2013;
Munday et al., 2012).
In the European Union, liquid chromatography
coupled to mass spectrometry (LC-MS/MS) has
replaced mouse bioassay by for the simultaneous
monitoring of internationally regulated marine
biotoxins. Nevertheless, novel functional assays
are needed to replace mouse bioassay for rapid
detection of unknown marine neurotoxins directed
against key receptors targets of the nervous system
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2016). α4β2 and α7 nAChR subtypes are major
pharmacological targets for the treatment of
Alzheimer
disease,
Parkinson
disease,
schizophrenia, epilepsy, and addiction.

(Campbell et al., 2011; Davidson et al., 2015).
Herein is presented a short overview of receptorbased assays for the detection of CiTXs.
The receptor target of CiTXs

Receptor-based methods for detection of CiTX

NAChR are
ligand-gated
cation-selective
transmembrane pentameric proteins activated by
acetylcholine. Muscle (α1)2β1γε/δ nAChR that
mediate fast transmission at the skeletal
neuromuscular junction necessary for muscle
contraction, respiration and escape from predation,
are a primary target for a wide array of neurotoxins
including CiTXs (Albuquerque et al., 2009; Aráoz
et al., 2015; Changeux 2010). Neuronal nAChRs
display a higher structural and functional diversity
and broad brain occupancy. Neuronal nAChRs are
homopentameric or heteropentameric and result
from the assembly of α2-α7, α9 and α10 subunits
with β2- β4 subunits. Neuronal nAChRs modulate
neurotransmitters
release
participating
in
fundamental aspects of synaptic plasticity involved
in attention, learning, memory, and development
(Bertrand et al., 2015; Changeux and Christopoulos

N

The development of ligand binding assays for
nAChRs was headed by two important discoveries:
i) the finding of biological tissues extremely rich in
nAChRs, namely the electric organ of Torpedo
californica and T. marmorata: nAChRs represent
~40% of the total protein content of Torpedoelectrocyte membranes, and are surrounded by
their natural lipids and clustering proteins.
Thereby, the receptors are stable and functional. ii)
The characterization of α-bungarotoxin from the
venom of the snake Bungarus multicinctus.
(Changeux 2010). This peptide toxin is a highly
potent competitive antagonist of nAChR and is
used as toxin tracer even after functionalization
with radioactive elements, biotin or fluorescent
compounds. Since CiTXs are potent antagonists of
nAChRs, several receptor assays were developed.
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Fig. 1. Chemical structure of CiTXs.
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Filtration radioactive ligand-binding assay.
This is the reference method for screening nAChR
ligands. CiTXs are incubated to equilibrium with
Torpedo-nAChR4. CiTXs inhibit the binding of
125I-bungarotoxin to the ACh binding site of the
receptor. Following radio ligand displacement, the
complex receptor-radio ligand is retained on a filter
membrane. Successive washing steps remove
unbound radio ligand prior to scintillation counting
from dried filters. Radioactive binding assay was
essential to show the affinity and selectivity of
CiTXs for muscle and neuronal nAChRs subtypes
using eukaryotic cellular lines expressing neuronal
nAChRs (Couesnon et al., 2016; Kharrat et al.,
2008; Stivala et al., 2015).
Fluorescence polarization binding assay
Upon excitation by plane polarized light, a given
fluorophore will emit fluorescence in the same
plane as the exciting light: i.e., α-bungarotoxin
Alexa Fluor 488 conjugate tumbles rapidly in
solution (4.1 ns fluorescent lifetime) and when
excited by plane polarized light, the resulting
emission fluorescence is low. The binding of αbungarotoxin Alexa Fluor 488 to Torpedo-nAChR
strongly decreases the rotation of the fluorophore
tracer, and when excited by plane polarized light,
the resultant emitted fluorescence will be high. The
presence of gymnodimine-A, 13-desmethyl SPX-C
or 13,19-didesmethyl SPX-C in the reaction
mixture inhibited the binding of the fluorescent
tracer to Torpedo-nAChR in a concentrationdependent manner. (Vilariño et al., 2009; Fonfria
et al., 2010a). The use of fluorescein fluorophores
to label Torpedo-nAChRs also enabled the
detection of 13-desmethyl SPX-C and 13,19didesmethyl SPX-C by Fluorescence polarization
(Otero et al., 2011). The matrix effect of mussels,
clams, cockles and scallops on the performance of
the competitive fluorescence polarization assay
was negative (Fonfria et al., 2010b).
Solid-phase receptor-based assay
The method consists on the immobilization of
biotin-α-bungarotoxin on 96-well microplates
coated with streptavidin. In the absence of CiTXs,
Torpedo-nAChRs bind the toxin tracer to form the
complex
streptavidin-[biotin-α-bungarotoxinTorpedo-nAChR]. The receptors are detected with
primary antibodies anti-nAChR from T.
marmorata. A conjugated secondary antibody
allows the visualization of the captured receptors
by
chemiluminescence,
fluorescence,
or

colorimetry (Rodriguez et al., 2011). The presence
of CiTXs in the reaction mixture inhibits the
binding of biotin-α-bungarotoxin to TorpedonAChR reducing the secondary antibody-evoked
signal. The method is suited for high-throughput
survey of CiTXs using 384-well microplates on
shellfish samples (Rodriguez el al., 2013a).
Flow cytometry receptor-based assay
Carboxylated microspheres are conjugated with
Torpedo-nAChR or acetylcholine binding protein
from the freshwater snail Lymnaea stagnalis. The
conjugated microspheres are incubated with
shellfish samples and later with biotin-αbungarotoxin. After filtration, the fluorophore
streptavidin-R-Phycoerythrin is added. The
competitive binding is recorded by flow cytometry.
The presence of CiTXs in the samples reduces the
fluorescence yield in a concentration dependent
manner. Further, it is possible to use microspheres
beads owing different intrinsic fluorescence
emission, consequently, different receptors or
channel subtypes could be simultaneously analysed
in the same sample (Rodriguez et al., 2013b).
Torpedo-microplate receptor binding-assay
Torpedo-nAChR are immobilized on the wells of
plastic microplates. Biotinylated α-bungarotoxin is
used as toxin tracer and streptavidin-horseradish
peroxidase enables the detection and quantitation
of anatoxin-a in surface waters, and of CiTXs in
shellfish extracts (Aráoz et al., 2012; Rubio et al.,
2014). CiTXs competitively inhibit biotinylated-αbungarotoxin binding to Torpedo-nAChR in a
concentration-dependent manner. The method
compares favourably in terms of sensitivity to LCMS/MS and provides accurate results for CiTXs
monitoring (Aráoz et al., 2012). This functional
assay is a high throughput method for rapid
detection of known and emerging neurotoxins from
marine and freshwater organisms that target
nAChR directly in environmental samples with
minimal sample handling, high sensitivity, reduced
matrix effect and low cross-reactivity.
Neurotoxin fishing
A methodology for capturing novel ligands
directed against nAChRs from complex mixtures
containing small size alkaloids or large peptides
was developed by using Torpedo-nAChR
immobilized on the wells of plastic microplates
(Aráoz et al., 2012) or in-solution (Echterbille et
al., 2017). This methodology allows the direct

4

Torpedo-nAChR refers to Torpedo marmorataelectrocyte membranes rich in nAChR of muscle type.
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capture of a toxin by the nAChR target. After
washing under stringent conditions, the captured
toxins are eluted by using solvents or by changing
the pH. Afterwards, the eluates could be analysed
for activity using electrophysiological techniques
or by mass spectrometry to determine the chemical
nature of the captured toxins.
Concluding remarks
The European Food Safety Agency that prompted
the use of LC-MS/MS for monitoring
internationally regulated marine biotoxins also
encourages the development of novel functional
assays. The bioassays presented here are rapid,
cost-effective, high-throughput and user-friendly
for the detection of cyclic imine toxins in complex
matrices that could be used in routine monitoring
of CiTXs and later confirmed by LC-MS/MS.
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Abstract
With the measured values of saxitoxin concentration of 3000 μg STX eq/kg of sample, it is likely that the
turtles analyzed have died from toxins associated with microalgae. However, the level of saxitoxins in marine
turtles is not well described in the scientific literature. By measuring concentration of paralytic type toxins, the
fast operation of the receptor binding assay has allowed environmental authorities to rapidly respond to mass
mortality of sea turtles in El Salvador. Analysis of microalgae in gastric and stomach contents of dead sea
turtles revealed the presence of debris of diatoms and dinoflagellates. The highest cell concentrations
correspond to diatoms Dactyliosolen fragilissimus with 110,235 cells/L and Pseudo-nitzschia spp. with 4,033
cells/L. The presence of potentially toxic or harmful species, such as Alexandrium sp. and Gonyaulax sp., was
also detected but at low cell concentrations. It is presumed that the turtles acquired saxitoxins from a harmful
algae bloom located far from the coastal area where they were stranded.
Keywords: RBA, receptor binding assay, sea turtle, marine biotoxins, saxitoxins
Introduction
At the end of October 2017, once again the coasts
of El Salvador in Central America were affected by
hundreds of dead sea turtles (Figure 1). In order to
provide a rapid response to the phenomenon, the
receptor binding assay (RBA; AOAC method
2011.27) was carried out to assess the presence of
saxitoxins in turtle tissues. More than 25 dead
green turtles (Chelonia mydas) samples, including
organs, tissues and stomach contents were
analysed. In parallel, the Ministry of the
Environment of El Salvador sent to NOAA in USA
a set of samples of dead sea turtles who confirmed
the presence of saxitoxins, using ELISA and HPLC
methods [Amaya et al, 2018]. Sea turtle mortalities
are recurring in El Salvador, with events reported
in 2005, 2006, 2009, 2010 and 2013, and each time
saxitoxins were detectable in turtle organs [Amaya
et al, 2014]. In the sea turtle mortality that occurred
in 2013, the receptor binding assay (RBA) was run,
determining high concentrations of paralyzing
toxins and corroborating the results with the
Marine Environment Laboratory of the IAEA
(International Atomic Energy Agency) located in
Monaco. This study provided information on
toxins tissue distribution in marine turtles,

particularly for green turtle which is a globally
endangered species.
Materials and Methods
Saxitoxins analyses
In the Marine Toxin Laboratory of the University
of El Salvador (LABTOX-UES), 25 samples of
green turtles (Chelonia mydas) from the Bay of
Jiquilisco and Los Cóbanos beach were received (2
blood samples, 2 liver samples, 1 intestine sample
y 20 flipper samples). The samples were delivered
by technical staff of the Wildlife Management Unit
of the Ministry of Environment and Natural
Resources (MARN) on November 6 and 7, 2017.
All samples were taken from different dead sea
turtles, with the exception of blood samples that
were collected on a live sea turtle and one dying sea
turtle; unfortunately, samples of sea turtle flesh
were not not available for analyses. Five grams of
each sample were weighed and analysed using the
RBA; except for the flipper samples that were
pooled due to the reduced amount of tissue
available.
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Fig. 1. Location of sites where Chelonia mydas individuals were found dead in October-November 2017.

The RBA is based on the interaction between
saxitoxins and voltage-gated sodium channels
(receptors) [Van Dolah et al, 2019]. Tritiated
saxitoxins compete with unlabeled saxitoxins in the
extracts for a finite number of available receptor
sites in a brain membrane homogenate.
Unbound saxitoxins are removed by filtration and
the remaining tritiated saxitoxin is measured with a
scintillation counter (Figure 2A). The amount of
radioactivity present is indirectly related to the
amount of saxitoxin-like activity in the sample. The
essential equipment and materials needed to
conduct this assay are: a microplate scintillation
counter 1450 LSC MicroBeta TriLux and a
Multiscreen vacuum manifold. The reagents used
are: [3H] STX, STX di-HCl standard solution,
0.003M HCl, a MOPS/choline chloride buffer,
brain membrane homogenates and Optiphase
liquid scintillation cocktail. Data analysis was
conducted using Graphpad Prism software using
non-linear regression with variable slope, which is
based on the Hill equation for competitive binding
assays.
Phytoplankton monitoring
A field sampling was carried out on the coast of
Los Cóbanos, in the western coast of El Salvador,
to monitor harmful microalgae, in cooperation with
technicians from the Ministry of the Environment

(November 7, 2017, between 8:30 AM and 12:00
AM, Figure 1). Water samples were collected at
two depths, along a 15 nautical mile transect
perpendicular to the coastline. In addition,
qualitative samples of seawater were taken using a
phytoplankton net of 20 micrometers mesh. The
samples were analyzed using a Carl Zeiss inverted
microscope applying the Utermöhl method.

Fig. 2. (A) Equipment required includes basic labware
and a microplate scintillation counter (MicroBeta
TriLux 1450 LSC). (B) Saxitoxin receptor binding
assay standard curve. Quality Control points Include:
Estimated reference, Bmax . Slope 1.0 ± 0.2. EC50~2
nM. Unknown sample are quantified only using data
points that fall on the linear part of the curve (B/Bmax
= 0.2-0.7), where: B = CPM in the sample Bmax = max
CPM. RSD of replicates is <30.
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Results and Discussion
Saxitoxins analyses
Paralytic toxin activity (saxitoxin group) was
detected in all sample types, with higher values in
liver and blood (Figure 3). Maximum
concentrations of 3652 μg STX eq/kg were found
in blood sample from dying sea turtle. Data
reported here are those that have an expanded
uncertainty less than k=2, and flipper showed
values below the limit of quantification (70 μg STX
eq/kg).
Some of the results presented here have been
published elsewhere [Amaya et al. 2018] making a
broader description of the problem related to the
death of the turtles in 2013 and 2017; the samples
of dead sea turtles were collected in similar
circumstances with the difference that in El
Salvador the RBA method was used and in the
former the HPLC and ELISA methods were used.

accumulated STX from an offshore toxic algae
bloom that might have occurred several days
before the mass mortality event, as it happened in
2013.

Fig. 4. Photographs taken under the microscope of
microalgae found in intestinal and stomach contents of
sea turtles. A) Prorocentrum sp. B) Scrippsiella
trochoidea.

It has been suggested that zooplankton species such
as jellyfish and tunicates, act as vectors of
saxitoxins transferring the toxins from the primary
producer dinoflagellates to sea turtles [HerreraGalindo et al. 2015].
Further efforts are needed to monitor and
understand the impact of HABs on endangered sea
turtle species in order to aid in management and
conservation.
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Phytoplankton analyses
The analysis of microalgae in gastric and stomach
contents of dead sea turtles revealed the presence
of debris of diatoms and dinoflagellates (whole
cells of Planktoniella sol, Scrippsiella trochoidea,
Prorocentrum c.f. compressum and Prorocentrum
sp.; Figure 4). The highest cell concentrations
correspond to diatoms Dactyliosolen fragilissimus
with 110,235 cells/L and Pseudo-nitzschia spp.
with 4,033 cells/L; it was not possible to identify
Pseudo-nitzschia cells to species level, as well as
we could not distinguish toxic from non-toxic
species. Potentially toxic or harmful species, such
as Alexandrium sp. and Gonyaulax sp. were
identified however at low cell concentrations, both
with 672 cell/L.
Though cell concentration of potentially toxic
species was low, it is suspected that sea turtles were
exposed to the toxin through a vector that
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Abstract
Boronates bind reversibly to vic-diols, a common structural feature of algal toxins. This boronate–diol
interaction can be exploited for selective toxin clean-up and concentration. Boric acid gel (BAG) solid phase
extraction (SPE) was recently shown to eliminate interferences and matrix effects in LC-MS analyses of
azaspiracids (AZAs) in mussel extracts. Here, we report a modified approach for cleanup of tetrodotoxin (TTX)
and many of its congeners, which also contain vic-diols. The reaction between TTX and boronic acids was first
investigated in solution to optimize conditions for TTX binding. Then, TTX-contaminated mussel extracts
were applied to BAG SPE columns. TTXs were selectively bound and released from the BAG to yield very
clean extracts containing TTX analogues and very little else. Potential interferences in LC-MS analyses, such
as arginine and other amino acids, were completely eliminated, making this a promising approach for analytical
sample preparation.
Keywords: azaspiracid, tetrodotoxin, boronate, marine biotoxin, LC-MS, matrix effect, sample preparation
Introduction
vic-Diols react reversibly with borate and boronic
acids (Espina-Benitez et al., 2017). Many marine
algal toxins contain vic-diols, but only very
recently has this been exploited for extraction and
clean-up of such toxins from the complex matrices
in which they are often found. Miles et al. (2018)
showed that AZAs react reversibly with a
polymeric boronic acid (Fig. 1), and this reaction
was used in a 1-step SPE clean-up to greatly reduce
the complexity of the resulting LC-MS
chromatograms (Fig. 2). This procedure also
greatly reduced signal suppression from the sample
matrix during LC-MS analysis.

Fig. 1. Reversible reaction of the vic-diol (red) in
AZA1 with BAG, a polymeric phenylboronic acid
(blue).

Fig. 2. Effect of BAG SPE on the colour of mussel
extracts (insets) and on full scan LC-MS
chromatograms of an AZA-contaminated mussel
extract (modified from Miles et al. (2018)).
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Tetrodotoxin (TTX) is a neurotoxin most
commonly associated with puffer fish poisoning,
but that has been detected in a wide range of marine
and terrestrial organisms (Bane et al., 2014). TTX
has recently been detected in European shellfish
(Turner et al., 2017a) and an LC-MS method has
been validated for routine analysis of TTX in
shellfish (Turner et al., 2017b). The presence of
arginine (Arg) in extracts was identified as the
primary contributor to matrix suppression in LCMS, and method development focused on
optimizing the chromatographic separation
between Arg and TTX to mitigate this. Given the
success achieved with AZAs and because TTX also
contains a vic-diol, we set out to investigate the
feasibility of selective extraction of TTX with
boronate-containing materials, and whether this
could be used to remove Arg and other potential
interferences.
Materials and Methods
Samples and reagents
BAG, phenylboronic acid, 2-naphthylboronic acid
and pyrene-1-boronic acid (≥95.0%) were from
Sigma–Aldrich (Oakville, ON, Canada). A
certified reference material calibration solution for
TTX (CRM-TTX) was from the National Research
Council of Canada (Halifax, Canada). Buffers were
0.1 M acetate (pH 5), phosphate (pH 6, 7 or 8), or
borate (pH 9). Mussel tissue positive for TTX was
simulated by blending ~ 10% of highly toxic sea
slug (Pleurobranchaea maculata) tissue with
control blue mussel (Mytilus edulis) tissue, as
reported by Turner et al. (2017b). Mussel tissue
homogenates were extracted with an equal volume
of 0.1 M HCl, mixed with an OmniPrep tissue
homogenizer and centrifuged at 6700 × g for 10
min.
Boronate extractions and reactions
Solution-phase reaction kinetics were performed in
2:1 MeCN–phosphate buffer (pH 7) with 2 mM
arylboronic acid at 20 °C unless otherwise
specified. TTX was dissolved in borate buffer to
test for reaction with borate, and in phosphate
buffers in the absence of added boronic acids to test
stability. SPE cartridges were prepared by packing
BAG (0.5 g) in H2O into 3-mL SPE tubes with frits,
activated according to the manufacturer’s
instructions, and conditioned with phosphate buffer
(10 mL, pH 7). Extracts (100 µL) were diluted with
pH 7 phosphate buffer (900 µL), loaded onto the
cartridges, washed with 50% MeCN (1 mL), and
eluted with 0.1 M HCl (1 mL).

LC-HRMS analyses
LC-HRMS analyses were carried out using 1 μL
injections on an Agilent 1200 series HPLC (Palo
Alto, CA, USA) coupled to a Thermo Scientific Q
Exactive HF. A combined full scan and MS/MS
method using the 60000 resolution setting, a full
scan range of m/z 50 to 560 and a spray voltage of
3 kV were used. HILIC separations were
performed with a Waters ACQUITY UPLC BEH
Amide Column (1.7 µm, 2.1 × 100 mm) at 40 °C,
with mobile phases of 50 mM ammonium formate
in H2O (pH 7) (A) and 95% MeCN–H2O (B).
Elution (0.3 mL/min) was with a linear gradient
from 0 to 60% A in 10 min, 60% A for 4 min, and
post-run equilibration at 0% A for 10 min. Reversephase (RP) separations used a Waters Symmetry
Shield RP18 Column (3.5 µm, 2.1 × 150 mm) at 40
°C. Elution (0.4 mL/min) was with a linear gradient
from 10 to 90% MeCN in H2O over 20 min, 90%
MeCN for 2 min, and post-run equilibration at 10%
MeCN for 7 min.
Results and Discussion
Initial studies showed that TTX reacted rapidly
with the borate in borate buffer, forming a stable
complex that survived neutral (but not acidic)
HILIC chromatography, and gave a prominent
peak with m/z 346.1052 with a characteristic boron
isotope pattern, corresponding to a 1:1 TTX–borate
complex (Fig. 3). To aid MS/MS interpretation, a
precursor ion selection window of 1.5 Da with a
−0.5 Da offset was used to select both the base peak
and the M−1 isotope peak in order to preserve the
boron isotope pattern in boron-containing product
ions. The MS/MS spectrum of the complex (Fig.
3C) showed a characteristic product ion at m/z
206.0730 with a boron isotope pattern,
corresponding to an additional BO2H compared
with the main product ion of TTX at m/z 162.0661
(Fig. 3B). This indicated that complexation
occurred at the vicinal 6,11-diol on TTX, as shown
in Fig. 3.
The BAG used in the SPE clean-up has a
phenylboronic acid functionality. To optimize
conditions for TTX retention on BAG, the reaction
kinetics of TTX with monomeric arylboronic acids
was assessed in solution by LC-HRMS at a range
of pH values and temperatures (Figs 4 and 5).
While the TTX–borate complex was polar and
could be readily analysed by HILIC, TTX
complexes with naphthyl- and pyrenylboronic
acids were relatively non-polar and were analysed
by RPLC. However, the TTX–phenylboronic acid
complex, which was the closest model for the
interaction of BGA with TTX, was of intermediate
polarity and could not be readily separated from the
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phosphate buffer by either HILIC or RPLC. The
kinetics of reactions between TTX and
phenylboronic acid could therefore only be
investigated by measuring the disappearance of
TTX by HILIC–HRMS.

Fig. 4. Effect of pH on the concentration of the TTX–
naphthylboronate complex with time.

As expected, LC-HRMS showed the rate of
reaction of TTX with pyrenylboronic acid
increased with temperature (Fig. 5). But even at 10
°C the half-life of the reaction was less than 1 hour.
Thus, all the kinetic data indicated a normal
equilibrium reaction between TTX and boronic
acids that heavily favours complexation at pH 7,
even at low concentrations of boronic acid.

Fig. 3. HILIC–HRMS/MS analysis of TTX in borate
showing overlaid extracted-ion full scan
chromatograms of TTX before (red) and after (blue)
reaction (A), and product ion spectra (CE 40 eV) of
TTX (B) and its borate complex (C).

In all cases the data gave an excellent fit to pseudofirst-order kinetics. The rate and yield of the
reaction with naphthylboronic acid increased with
pH up to pH 7, but at pH 8 the yield was lower than
at pH 7 despite the reaction rate being slightly
faster (Fig. 4). This suggests partial decomposition
of the TTX at pH 8. Clean-up experiments were
therefore conducted at pH 7, and an investigation
of TTX stability in the absence of boronic acid
showed that TTX was sufficiently stable over the
timescale required for sample clean-up at this pH.

Fig. 5. Effect of temperature on the disappearance of
TTX during reaction with pyrenylboronic acid.

The promising results obtained with borate buffer
and arylboronic acids prompted trials of SPE cleanup of TTXs with BAG. Initial experiments showed
complete retention of TTX and that elution with
strong acid was required for acceptable recoveries,
so 0.1 M HCl was used for elution of TTXs in
extracts of mussels. These experiments showed
excellent clean-up of TTX from the sample, and
complete removal of Arg (Fig. 6) and other amino
acids from extracts. However, recoveries were
variable and low (30–80%), and TTX analogues
without the vic-diol, such as the 11-deoxy- and 11nor-TTXs, were not retained on the BAG SPE.
Since amino acids such as Arg have been reported
as the main contributors to signal suppression in
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LC–MS analysis of TTX in shellfish (Turner et al.,
2017b), removal of amino acids should reduce
matrix suppression. Studies are underway to
improve recoveries and optimize the BAG SPE for
analysis of TTXs in shellfish and fish.
Arg

A

Relative Intensity

TTX
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Fig. 7. Cryo-electron microscopy structure of TTX
bound to the Na+ channel (Shen et al., 2018). The
vicinal 6,11-diol of TTX, which is able to bind to
borate (Fig. 3), is labelled.

Interestingly, Kobayashi et al. (2004) showed
reduced toxicity to mice of TTX in seawater, and
demonstrated that this was attributable to the
presence of borate, an important buffer component
present naturally in seawater. Our results showing
that TTX readily complexes with borate (Fig. 3)
help shed some light on the mechanism of this
detoxification. Shen et al. (2018) showed that the
vic-diol of TTX is involved in binding of TTX to
voltage-gated sodium channels (Fig. 7), and
complexation of the 6,11-diol to borate may
account for the reduced toxicity. Borate
complexation of other vic-diol-containing algal
toxins in seawater can also be expected, and could
profoundly affect their biological activities.
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Risk assessment for algal
and cyanobacterial toxins
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Abstract
Cylindrospermopsis raciborskii is a freshwater cyanobacterium species known for its invasion from tropical
to temperate environments. Some strains of this species are able to produce cyanotoxins. In Portugal (Southern
Europe) its occurrence was firstly recorded in the South Region (Alqueva Reservoir, 2000) in where it is known
to form blooms and where the water temperatures are usually higher than the rest of the country. In 2008, it
was recorded in a lagoon (Vela Lagoon) in the Centre Region of Portugal. An ongoing project (CYANOTOX)
aims to survey cyanobacteria in freshwater systems of North and Centre Portugal with a focus on C.
raciborskii. Molecular methods (PCR), microscopic observation, strain isolation and collection of bloom
samples has allowed the evaluation of the presence and invasive nature of C. raciborskii in Portuguese
freshwater systems and these were applied between May to September of 2017. Molecular identification of C.
raciborskii was achieved through PCR amplification of the RNA polymerase rpoC1 gene in all water samples.
Molecular data showed the appearance of C. raciborskii in northern ecosystems while microscopic observation
failed in identifying this cyanobacterium species in the same samples. Microscopic isolation found again C.
raciborskii in Vela Lagoon. In conclusion, this study found some evidence of the dispersion of C. raciborskii
into northern ecosystems, reflecting adaptation mechanisms and supports its biogeographical invasion in
Portuguese freshwater systems. Also genomic tools proved to be valuable in determining the invasion of C.
raciborskii.
Keywords: Cylindrospermopsis raciborskii, PCR, Portugal.
Introduction
Cylindrospermopsis raciborskii is a filamentous
bloom
forming
cyanobacterium
globally
associated with the production of two cyanotoxins:
cylindrospermopsins (Asia, Oceania) and
saxitoxins (South America) (Hawkins et al. 1985;
Lagos et al. 1999). On a biogeographical
perspective its invasion to temperate environments
is its main characteristic since it was first recorded
in tropical ecosystems (Padisak, 1997). In Europe
its first records were in Greece in 1937 (Antunes et
al., 2015) being since then continuously detected
throughout the continent where some blooms have
been known to occur such as in Germany and
Portugal among others. In Portugal (Southern
Europe) its first record was in the South Region
(Alqueva Reservoir, 2000) where it is known to
form blooms and where trace amounts of CYN
(Cylindrospermopsin) have been detected in water
but not attributed to C. raciborskii though tests

were conducted on isolated strains and showed
negative for CYN presence (Caetano et al., 2015).
Later in 2008 this cyanobacterium species was
found to occur in a lagoon in the Centre Region of
Portugal (Vela Lagoon) also without forming
blooms and with higher CYN values however, still
not attributed to C. raciborskii (Freitas, 2009;
Moreira et al., 2017). In cyanobacteria surveillance
molecular and analytical methods can be used as
well as microscopic manipulation techniques and
field observation. Despite having so far no
associated toxicity in Portuguese freshwater
systems
being
a
well-known
invasive
cyanobacterium its surveillance in North
ecosystems of Portugal is therefore demanded.
Recently a national funded project (CYANOTOX
2016-2019) has allowed the monitoring of C.
raciborskii in Portugal including the North Region.
Therefore with the purpose of monitoring C.
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raciborskii in Portuguese freshwater systems
samples from seven highly impacted ecosystems
(water provision, drinking, recreation) were
analysed in order to determine the potential
dispersion of C. raciborskii with special emphasis
to the North and Central Regions.
Materials and Methods
Sampling
A total of seven freshwater systems located in the
North (River Tâmega, Torrão Reservoir, Porto City
Park separate Lakes 1, 2 and 3) and Centre (Mira
Lagoon, Vela Lagoon) Regions of Portugal were
sampled between the months of Spring and
Summer (May to September of 2017) (Fig. 1).

.3..12
..54
Fig. 1. Map of Portugal
indicating all the sampling
sites included in this study:
1 - River Tâmega; 2 Torrão Reservoir; 3 - Porto
City Park Lakes 1, 2 and 3;
4 - Mira Lagoon; 5 - Vela
Lagoon.

Up to 6 L of superficial water was collected once a
month from the near shore of each ecosystem. All
have distinct impact on human use such as water
provision, drinking and recreation. Plankton was
additionally collected with a plankton net. All
samples were transported to the laboratory under
appropriated conditions such as low light and low
temperature. In total, 35 water and plankton net
samples were collected during May to September
of 2017.
Sample processing
Water samples were filtered with Munktell® MGC
(Falun, Sweden) micro-glass fiber paper filters.
The filtered biomass was kept at -20°C before
proceding to DNA extraction. Filtered water
volumes were inferior to 1 L in each sampled
location. Plankton samples were visualized under a
light microscope to observe the presence of C.
raciborskii and other cyanobacteria. When present
the isolates were transfered and subcultured in Z8
culture medium (Kotai, 1972). Culturing
conditions occured under a 25 ± 1ºC and
illuminated under a 14h:10h light-dark cycle with
an average photon flux density of 10 μmol m-2 s-1.

DNA extraction
Filters were defrosted and scraped with a sterile
scalpel to remove the filtered biomass and placed
in a sterile eppendorf. DNA was extracted with the
PureLinkTM Genomic DNA Mini Kit (Invitrogen,
Carlsbad, California, USA) following the protocol
for Gram-negative bacteria in accordance with the
manufacturer recommendations. A 50 μL of eluted
DNA was stored at -20ºC before PCR
amplification.
PCR amplification
All PCR reactions were performed in a volume of
20 μL containing 1 x PCR buffer, 2.5 mM MgCl2,
250 μM of each deoxynucleotide triphosphate, 10
pmol of each primer and 0.5 U of Taq DNA
polymerase (Bioline, Luckenwalde, Germany).
Presence of total cyanobacteria were detected
initially through PCR amplification of the 16S
rRNA gene marker followed by the specific
amplification of C. raciborskii through the gene
marker RNA polimerase rpoC1. PCR conditions of
the 16S rRNA were as follows: initial denaturation
at 95 ºC for 2 min and 35 cycles at 92 ºC for 20 s,
50 ºC for 30 s and 72 ºC for 60 s (Jungblut et al.,
2005; Neilan et al., 1997). PCR conditions of the
RNA polimerase rpoC1 were the following: initial
denaturation at 95 ºC for 2 min and 35 cycles at 95
ºC for 90 s, 45 ºC for 30 s and 72 ºC for 50 s
(Wilson et al., 2000). In the RNA polimerase
rpoC1 amplification of a positive sample was
added and that was DNA of a C. raciborskii
obtained from the Blue Biotechnology and
Ecotoxicology Culture Collection (LEGE-CC)
(LEGE strain 97047) (Ramos et al., 2018). Its
specificity has already been established by Wilson
et al., (2000). Water was used as a negative control
in all PCR reactions.
Results and Discussion
During the period of May to September of 2017 a
total of seven freshwater systems with distinct
impacts on human use (water provision, drinking,
recreation) were screened. In these water and
plankton net samples were collected to determine
the presence of C. raciborskii in each ecosystem.
Previous surveillance has showed that this
cyanobacterium species is commonly found in the
South Region of Portugal and also in a lagoon of
the Centre Region (Vela Lagoon) (Freitas 2009;
Saker et al., 2003; Valério et al., 2005). Prior
surveillance in the North Region of Portugal and
conducted sporadically has failed in identifying
this
cyanobacterium
species
(personal
communication). Between May and September of
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2017 blooms were found to occur in 24% of the
samples in distinct sampling sites and in none of
them C. raciborskii was a bloom forming species.
Bloom composition either belonged to the genera
Microcystis spp., Dolichospermum spp., and/or
Chrysosporum spp.. A cause of concern is if
temperatures rise as it seems to be common lately
in Portugal with low precipitation in the colder
months and hot events in the warmer months the
probable appearance of C. raciborskii in the North
Region of Portugal may probably become a
common phenomenon. Also supporting these data
is the molecular evaluation of the presence of total
cyanobacteria and C. raciborskii in both regions.
The results showed that all 35 water samples were
positive for the 16S rRNA marker, while the C.
raciborskii RNA polymerase rpoC1 gene was
detected in all the ecosystems analysed (Table 1).
Frequency of detection was higher in the Porto City
Park Lake 1 and Vela Lagoon with three sampling
months testing positive and in the Porto City Park
Lake 3 with two sampling months showing positive
results (Table 1). In the remaining ecosystems the
frequency of detection was of only one month. In
terms of seasonal variation, the earliest detection
was in Mira and Vela Lagoon in May (late spring)
both located in the Centre Region. In all sampling
sites C. raciborskii was detected both in the early
and mid-summer and Porto City Park Lakes 1 and
3 and Vela Lagoon had its late detection
(September) spite the normal climate conditions in
the positive months. Previous data shows that in
Vela Lagoon (Centre Region) C. raciborskii
appears in the end of summer (September October) in higher densities (106 and 107 cells/mL)
(Moreira et al., 2011).
In our study plankton net samples were
simultaneously collected and observed under light
microscopy for the presence of C. raciborskii. The
results showed that in all samples the presence of
this cyanobacterium species was not observed
except in Vela Lagoon were one isolate was
obtained in August and subsequently cultured in Z8
culture medium under appropriated culture
conditions. The sample gave also a positive PCR
amplification of the gene associated with C.
raciborskii presence (Table 1).
In summary C. raciborskii was not observed in the
North Region through microscopic observation.
However several positives for C. raciborskii
presence were obtained with molecular method in
all sampling sites at least in one of the sampled
months.

Table 1. Description of C. raciborskii PCR positive
months in all water samples.
Geographic
Origin
North

Centre

Sampling Site

PCR Positive
Months

River Tâmega
Torrão Reservoir
Porto City Park Lake 1
Porto City Park Lake 2
Porto City Park Lake 3
Mira Lagoon
Vela Lagoon

Jun
Sep
Jun, Jul, Sep
Jun
Aug, Sep
May
May, Aug, Sep

This new data suggests to include the screening of
this cyanobacterium species in the north freshwater
systems of Portugal in future monitoring
campaigns. The molecular methods employed in
our study showed to be valuable in determining C.
raciborskii. Also with this study it is highlighted
the importance of the dispersion of C. raciborskii
in the Centre Region, where Mira Lagoon had one
positive amplification (month of May) and where
previous surveillance has failed in its detection
(Table 1). In this sense with this study it is
suggested some evidence of dispersion of C.
raciborskii in Portuguese freshwater systems
where it was initially a cyanobacterium species
associated with warmer water conditions being
particularly found in the South Region where it is
well-known to form blooms (Caetano et al., 2015).
However the warmer weather conditions observed
in the North Region, particularly in the sampled
year (2017) may have favoured the spread of this
cyanobacterium species to the North Region.
Biogeographically several vectors are described
being associated with the dispersion of
cyanobacteria such as winds, water courses, birds
or even humans (Kristensen, 1996).
Strain
isolation and toxicity analysis are necessary to
determine if C. raciborskii is a toxic
cyanobacterium species in northern Portuguese
freshwater systems.
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Abstract
Ciguatoxins are marine toxins which accumulate in many types of tropical reef fish and cause ciguatera fish
poisoning (CFP) in humans. However, CFP has been largely neglected in many countries due to lack of
standard testing protocol. This study examined 72 carnivorous reef fish belonging to 4 distinct species i.e.
grouper, snapper, streak spinefoot, and trevally. Fish samples were wild caught from the coastal waters of
Thailand. Extracts from 20 gram fish flesh of 27 grouper, 15 snapper, 15 streak spinefoot and 15 trevally were
purified and analyzed for the presence of ciguatera toxins (CTXs). A receptor binding assay in microplate
format was used in this study. Results showed that CTXs could not be detected in the seventy-two fish samples
analyzed. The negative control test was conducted by analyzing random samples under a different method.
Those samples were subjected to chemical analysis via liquid chromatography tandem-mass spectrometry
(LC/MS/MS) which revealed negative results as the previous tests. This study confirmed the receptor binding
assay technique be an effective tool for CTX monitoring programme.
Keywords: Receptor binding assay, Reef fish, Thailand
Introduction
Ciguatera fish poisoning (CFP) is an illness caused
by consumption of tropical and subtropical fish that
have accumulated lipophilic polyester ciguatera
toxins named ciguatoxins (CTXs). CTXs bind
voltage gated sodium channels causing an influx of
Na+ into the cell, disrupting cellular functions
including signal transmission in nerves (Lewis,
R.J., 2000). Typical CFP cause gastrointestinal,
cardiovascular (bradycardia with hypotension),
and neurological (paraesthesia) symptoms that can
last from weeks to months, including the diagnostic
hot cold temperature reversal (dysesthesia) (Bagnis
et al., 1979). Treatment of CTX poisoning is
mainly supportive and symptomatic.
It was estimated that at least 25,000 CFP cases
occur each year worldwide. CTX comes from a
benthic microalgae (dinoflagellate) in the genus
Gambierdiscus
and
Fukuyoa.
These
dinoflagellates grow epiphytically on macroalgae
in coral reef environments of tropical and
subtropical areas. This microbial biomass is
digested by herbivorous fish, which passes up to
carnivorous fish and ultimately to humans. The
destruction of coral reefs from fishery activities
and tourism allows for greater growth of the algae
carrying dinoflagellates (David et al., 2009). Many
types of reef fish are susceptible to accumulate
CTXs which have been reported in 207 fish species

worldwide. This includes Spotted sicklefish
(Drepane punctate), Streak spinefoot (Siganus
javus), trevally (Caranx atropus), Brown stripe
snapper (Lethrinus vitta), Russell's snapper
(Lutjanus russellii), Sixbar grouper (Epinephelus
sexfasciatus), Coral hind grouper (Cephalopholis
miniata), Orange spotted grouper (Epinephelus
coioides), Greasy grouper (Epinephelus tauvina),
and Longfin grouper (Epinephelus quoyanus).
There is no regulatory limit for CTXs in fish, but a
guidance level of 0.01 ppb P-CTX-1B equivalents,
based on a 10-fold reduction of the lowest
concentration of CTXs in meal remnants found to
cause human illness has been recommended by the
United States Food and drug Administration
(Dickey, R.W., Plakas, S.M., 2010). The endemic
areas of ciguatera are oceans in the latitudes
between 350 north and south of the equator.
Thailand is located in the range of latitude 50 to 200
north of equator and longitudes 970 to 1050 east, a
ciguatera endemic area.
In the present study, 72 carnivorous reef fish wildcaught from the upper Gulf of Thailand belonging
to 4 distinct species i.e. grouper, snapper, streak
spinefoot, and trevally were investigated. The
radioligand-receptor binding assay (RBA)
technique was used in this study since it has been
proved to be an effective screening tool and
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provides a timely and sensitive alternative method
to the mouse bioassay.
Materials and Methods
Study area
The upper gulf of Thailand (Fig.1) is bounded by
geographic coordinates of longitude 1000 00’ to
1010 00’ and latitude 120 30’to 130 30’ N. It covers
an area of 10,000 km2 and is surrounded by land to
the North, East, and West. It opens into the South
China Sea to the south and southeast. It has an
average depth of about 20 m and average tidal
heights of about 1 to 3 meters (Suwanlertcharoen,
T and Prukpitikul, S. 2018).
The climate in the Gulf of Thailand is influenced
by the northeast and southwest monsoons. The
southwest monsoon originates from the Indian
Ocean and brings moisture and rain to Thailand
from May to August. Southwest monsoon winds
can circulate either clockwise or counter clockwise
depending on various prevailing atmospheric
conditions. The northeast monsoon, which lasts
from November to January, brings high-pressure,
counter-clockwise rotating winds that cover the
entire upper gulf of Thailand. High frequency radar
measurements obtained in 2013 show that surface
current patterns in the upper gulf of Thailand were
consistent with the seasons of Thailand. The
average current velocities were higher for the
northeast monsoon than for the southwest monsoon
(Kongprom et al., 2015).

was recorded. Upon collection, samples were
placed in Ziploc bags, and transported to the
laboratory on ice where they were weighed,
measured and frozen at -800C prior to analyses for
CTXs. Information was logged into a database in
our system,
Fish extraction for RBA
Tissue samples were extracted and analysed using
an RBA microplate format according to the IAEA
TecDoc 1729 (2013) protocol, Fig. 2.
The RBA technique involves isolated brain
membrane containing abundant Na+ channels and a
fixed amount of tritiated PbTx-3 ([3H]-PbTx-3).
Unlabeled CTXs present in the samples compete
quantitatively with the radiolabelled [3H]-PbTx-3
for site 5 on the sodium channel receptor.
Therefore, the binding of radiolabelled PbTx-3 is
inversely related to the concentration of unlabelled
CTXs in the sample. This method is adapted from
the PbTxs RBA because CTXs and PbTxs bind to
the same sodium channel receptor site (Van Dolah
and Ramsdell 2001).
Fish samples

Fillet and
Mince

Extraction

Purification

RBA method

Data Analysis

Fig. 1. Maps showing the location of the Upper Gulf of
Thailand

Fish sampling in the upper Gulf of Thailand
A total of 72 wild caught fish samples included 4
species of fish (27 of grouper, 15 of snapper, 15 of
streak spinefoot and 15 of trevally) were collected
from the upper Gulf of Thailand in 2016.
Specimens were identified according to the
collector, and the date and location of collection

Fig. 2 Schematics of fish processing procedures used to
produce fish extracts for the various toxicity
evaluations performed.

The negative control test was performed by
analysing the randomized negative samples using
liquid chromatography tandem-mass spectrometry
(LC/MS/MS) (personal communication: Supanoi
Subsinghserm).
Data analysis
The software GraphPad Prism (GraphPad
Software, Inc., La Jolla, California, USA) was used
to generate curves and to perform data analysis by
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using non-linear regression with a variable slope,
which is based on the Hill equation for competitive
binding assays.
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Abstract
Historically, species in the genus Gambierdiscus Adachi & Fukuyo were viewed as pantropical organisms
distributed between 35°N and 34°S and ubiquitous throughout the Caribbean, the Hawaiian Islands, French
Polynesia, Australia and the Indian Ocean. Between 2016 and 2017 four new species were added to the genus
Gambierdiscus from the South Pacific Ocean. In addition, four new species have been described in areas where
Gambierdiscus was previously unknown, including two from the Canary Islands, one from Japan and another
from Korea. In total, there are now sixteen described Gambierdiscus species and three species of Fukuyoa, a
closely related genus, previously included in the genus Gambierdiscus. Among these nineteen species, and
several, as yet, unsubscribed species (ribotypes), toxicity varies significantly. To better understand the
distribution of these species, occurrence data from recently published literature (ca. 2009 – 2018) and two
culture collections, where species identification was confirmed molecularly, were collated and archived in the
biogeography of harmful algal species (HABMAP) subsection of the IOC-UNESCO Ocean Biogeographic
Information System (OBIS). This manuscript represents a demonstration project illustrating how the spatially
distributed HABMAP data can be employed to visualize the global distribution of Gambierdiscus and Fukuyoa
species. These data will also inform the ISSHA-IOC contribution to the first Global HAB Status Report
describing the global distribution of all toxin-producing microalgae in OBIS.
Keywords: HABMAP, OBIS, harmful microalgae
Introduction
The HABMAP project is developing a
comprehensive biogeographical database on the
distribution of harmful algal species in
collaboration with the International Society for the
Study of Harmful Algae. All data will be hosted by
the Ocean Biogeographic Information System
(OBIS) within the International Oceanographic
Data and Information Exchange (IDOE) of the
Intergovernmental Oceanographic Commission
(IOC) of UNESCO (http://haedat.iode.org/). When
fully established, HABMAP will provide
information on harmful algal species occurrences
and blooms (http://wwwmarine species.org/hab/
index.php). This manuscript represents a demon-

stration product detailing how HABMAP can be
used to document the global and regional
distributions of two genera, Gambierdiscus and
Fukuyoa, responsible for ciguatera poisoning
(Darius et al., 2017; 2018). Toxicity varies greatly
among the nineteen described and assorted
undescribed species (ribotypes) belonging to these
two genera, making site-specific species maps
useful to resource managers and public health
officials (Table 1).
Materials and Methods
Data for these maps were from published literature,
predominantly from 2009 through 2018, The
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Cawthron Institute Culture Collection, Nelson, New
Zealand and the Culture Collation of the Institut
Louis Malardé, Tahiti. All species identifications
were verified by molecular analysis (Table 1). For
demonstration purposes only one record per
species is mapped for each location (N = 320)
using ArcGIS. Quality control was performed on the

entire data set and then converted into a point
shapefile for visualization. Because an initial review
indicated a high degree of geographical overlap of
observations, a relative presence symbology was
used to show species present at each location, either
globally or regionally to resolve spatially
overlapping observations (Figs. 1-5).

Table 1. Described Gambierdiscus and Fukuyoa species with type locations, representative toxicity and
selected references. Negative toxicity assays are not reported. MBA, mouse bio-assay, Neuro-2A assay (N2),
Liquid chromatography mass spectrometry (LCMS). *Previously Gambierdiscus species type 6. **Previously
Gambierdiscus species type 2. ***Previously Gambierdiscus species type 1. ****Previously Gambierdiscus
riboytype 1.
Species
G. australes

Type Location
Australes Archipelago,
French Polynesia,
South Pacific Ocean

Toxicity Cell-1
MBA+; N2a+;
22.25 fg PCTX3C eq. RBA;
0.6-1.4 fg CTX3C eq. N2a;
0- 697 fg CTX1B eq. N2a

Species Description & Toxicity
References
(Chinain et al. 1999)
Chinain et al. 2010
Pisapia et al. 2017
Reverte et al. 2018

G. balechii*

Celebes Sea, Pacific Ocean

MBA+;
1.1-19.9 fg PCTX1 eq. N2a

(Fraga et al. 2016 )
Dai et al. 2017

G. belizeanus

Belize, Central America, Caribbean Sea

0.85 fg CTX3C eq. N2a

G. caribaeus

Belize, Central America, Caribbean Sea

0.66 fg CTX3C eq. N2a

North Carolina, western Atlantic

0.27 fg CTX3C eq. N2a

G. carperntri

Belize, Central America, Caribbean Sea

0.89 fg CTX3C eq. N2a

G. cheloniae

Cook Islands,
Pacific Ocean
Canary Islands,
Eastern Atlantic Ocean
Cook & Kermadec Islands,
Pacific Ocean

MBA+;
No CTX
1,426 fg CTX1B eq. N2a;
469 fg CTX3C eq. N2a
MBA+ ;
no CTX LC-MS

(Litaker et al. 2009)
Litaker et al. 2017
(Litaker et al. 2009)
Litaker et al. 2017
(Litaker et al. 2009)
Litaker et al. 2017
(Litaker et al. 2009)
Litaker et al. 2017
(Smith et al. 2016)
Munday et al. 2017
(Fraga et al. 2011)
Litaker et al. 2017
(Rhodes et al. 2017)
Munday et al. 2017

Jeju Island, Korea,
East China Sea
Great Barrier Reef,
Australia, Pacific Ocean

Unknown

(Jang et al. 2018)

MBA+, CTXs? by LC-MS;
CTX positive in FLIPR bioassay

(Kretzschmar et al. 2017)
Larsson et al. 2018

MBA+, N2a+;
0.54-1.1 fg CTX3C eq. N2a;
31.7-75.8 fg CTX1B eq. N2a

(Chinain et al. 1999)
Darius et al. 2018
Caillaud et al. 2011

G. carolinianus

G. excentricus
G. honu
G. jejuensis**
G. lapillus
G. pacificus

Tuamot Archipelago,
French Polynesia,
Pacific Ocean

G. polynesiensis

Australes & Tuamotu Archipelagos,
French Polynesia,
Pacific Ocean

MBA+, N2a+
2,800-4,400 fg CTX3C eq. RBA;
1,610 – 2,130 CTC3C eq. N2a;
18,200 fg CTX eq. LC-MS

(Chinain et al. 1999)
Chinain, 2010
Darius et al. 2018
Rhodes et al. 2014

G. scabrosus***

Kashiwa-jima Island off southern Honshu,
Japan; Pacific Ocean

MBA+, CTX+ by mouse bioassay;
CTX+ by N2a+

(Nishimura et al., 2013, 2014)
Pisapia et al. 2017

Canary Islands,
eastern Atlantic Ocean

19.6 fg CTX3C eq. N2a

(Fraga & Rodríguez 2014)
Litaker et al 2017

Gambier Islands, French Polynesia,
eastern Pacific Ocean

2.5 fg PCTX3C eq. RBA

(Adachi & Fukuyo 1979)
Chinain et al. 2010

Belize, Central America,
Caribbean Sea

6.6 fg CTX3C eq. N2A

(Litaker et al. 2009)
Litaker et al. 2017

Ubatuba, São Paulo,
Brazil

MTX+, CTX- N2a;
54‐deoxy CTX1B+ LC-MS

(Gómez et al. 2015)
Laza-Martinez et al. 2016)

Belize, Central America,
Caribbean Sea
Singapore Island,
Pacific Ocean

10.6 fg CTX3C eq. N2a

(Litaker et al. 2009; Gomez et al. 2015)
Litaker et al 2017
(Holmes 1998, Gomez et al. 2015)

G. sylvae****
G. toxicus
Gambierdiscus
ribotype 2
Fukuyoa paulensis
F. ruetzleri
F. yasumotoi

Unknown
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Fig. 1. Gambierdiscus and Fukuyoa occurrence in the Caribbean and adjacent seas, N=101.
US Caribbean includes Puerto Rico and the United States Virgin Islands.

Fig. 2. Gambierdiscus and Fukuyoa occurrence in Macronisia, Europe and the Middle East, N=53.
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Fig. 3. Gambierdiscus and Fukuyoa occurrence in the Pacific Ocean, N=134.

Fig. 4. Global occurrence of Gambierdiscus australes, N=58.
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Results and Discussion
It is frequently of interest and utility to see species
data displayed spatially. This allows comparisons or
contrasts of environmental variables (Kibler et al.
2015, Xu et al. 2014) or habitat suitability (Tan et al.
2013, Yong et al. 2018). Examples of regional displays of Gambierdiscus and Fukuyoa species are
shown in Figures 1-3, while observations of a single
species, G. australes is mapped in Figure 4.
F i g u r e 5 displays the global Gambierdiscus and
Fukuyoa distribution and i n c l u d e s a l l 320
records archived in the HABMAP database. The next

phase in the HABMAP project will add replicate
published observations and collect unpublished
occurrences of Gambierdiscus and Fukuyoa for
inclusion in the database. This combined dataset can
be used to better understand the distribution of
species and identify areas where additional sampling
is needed, particularly with respect to the high
toxicity
species,
which
may
contribute
disproportionately in causing ciguatera fish and
shellfish poisoning.

Fig. 5. Global Gambierdiscus and Fukuyoa occurrence from published records from 2009-2018, N=320.
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Abstract
In recent years, a great interest was developed to synthetize biologically-active natural products of marine
origin. This is due to both their complex molecular structures and chemical diversity, and also to their unique
biological activities. Among ladder-shaped toxins, gambierol, originally isolated from cultured Gambierdiscus
toxicus dinoflagellate cells, together with ciguatoxins, has been successfully synthesized permitting detailed
analyses of its mode and mechanism of action. Gambierol and analogs are known to inhibit some voltagegated K+ (Kv) channel subtypes in various cell types. The aim of the present study was (i) to investigate
whether gambierol has an action on quantal transmitter release evoked by nerve impulses and (ii) to determine
whether Kv channels in motor nerve terminals of the mammalian neuromuscular junction are sensitive to the
toxin action. Using electrophysiological techniques, the results obtained show that gambierol (2-20 nM) had
no significant action on the resting membrane potential of mouse hemidiaphragm muscle fibers. In addition,
spontaneous quantal transmitter release, measured by recording spontaneous miniature endplate potential
frequency, remained unaffected by gambierol in resting neuromuscular junction. Gambierol (2 nM) increased
about eight-fold the mean quantal content of evoked endplate potentials, as determined at individual junctions
of the phrenic-hemidiaphragm preparation equilibrated in a low-Ca2+ and high-Mg2+ medium. The ability of
gambierol to enhance quantal transmitter release was related to the reduction of a fast K + current in nerve
terminals. Overall, the present results show for the first time that gambierol enhances evoked quantal
transmitter release in response to nerve stimuli, suggesting that it can be used to reverse pre- or post-synaptic
neuromuscular blockade.
Keywords: Gambierol, marine biotoxin, nerve terminal, quantal transmitter release, potassium current
Introduction
Gambierol is a marine polycyclic ether toxin, first
isolated and chemically characterized from
cultured Gambierdiscus toxicus, dinoflagellates
isolated in French Polynesia (Satake et al., 1993).
The genus Gambierdiscus is known to produce the
ladder cyclic compounds known as ciguatoxins
responsible for ciguatera or ciguatera-like
poisoning. The successful chemical synthesis of
gambierol and analogues by independent groups
(Alonso et al., 2012; Furuta et al., 2009; Fuwa et
al., 2002; Johnson et al., 2005) allowed the detailed
analyses of its mode of action. Gambierol is

characterized by a transfused octacyclic polyether
core containing 18 stereogenic centers and a partially
skipped triene side chain including a conjugated
(Z,Z)-diene system, as shown in Fig. 1.

Fig. 1. Chemical structure of gambierol.
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Gambierol and analogs have been reported to
inhibit native or expressed voltage-gated K+ (Kv)
channels in various cell types including mouse
taste cells (Ghiaroni et al., 2005), mammalian
Kv1.1-Kv1.5 channels expressed in Xenopus
oocytes or Chinese hamster ovary (CHO) cells
(Cuypers et al., 2008; Konoki et al., 2015), Kv3.1
channels expressed in mouse fibroblasts (Kopljar
et al., 2009), Xenopus skeletal myocytes
(Schlumberger et al., 2010), murine cerebellar
neurons (Pérez et al., 2012), and human Kv1.3
channels from T lymphocytes (Rubiolo et al., 2015).
In contrast, gambierol does not block or affect
voltage-gated Na+ channels at nanomolar
concentrations in the cell types investigated. At the
skeletal neuromuscular junction of vertebrates,
acetylcholine (ACh) is released in multimolecular
packets. Each transmitter packet, stored in a
synaptic vesicle, is called a “quantum” that
contains ~6,000 ACh molecules and provides the
unit that makes-up synaptic events (Katz, 1966).
The quantal release of transmitter from motor
nerve terminals occurs either spontaneously, when
a single transmitter packet (quantum) is released
from a single vesicle at a given time, or when
hundreds of transmitter packets (quanta) are
released simultaneously in response to nerve
stimulation and Ca2+ ions entry into the terminals.
Kv channels, by regulating the duration of the
presynaptic action potential, play an important role
in controlling both the amount of Ca2+ entry into
the terminal and the number of quanta released
(quantal content) (reviewed in Molgó and Tabti,
1989; Van der Kloot and Molgó, 1994). In this
work, the effects of synthetic gambierol was
investigated on quantal transmitter release and
presynaptic currents at single mammalian
neuromuscular junctions, using intracellular
recordings that allowed evaluating the amount of
transmitter released upon nerve stimulation and
high resolution external focal current recordings
from nerve terminals.
Materials and Methods
Gambierol with purity of ~97% was produced by
chemical synthesis, as reported previously (Fuwa
et al., 2002). Synthetic gambierol, identical to
natural gambierol, was dissolved in dimethyl
sulfoxide (DMSO) and then diluted in the
physiological solution. The total DMSO
concentration in solutions did not exceed 0.1%. Dtubocurarine chloride was purchased from Tocris
Bioscience (Bristol, UK).
Adult male and female Swiss mice (20-30 g) were

obtained from the CNRS animal house in Gif sur
Yvette (France). Experiments were performed in
accordance with European Community guidelines
for laboratory animal handling and with the official
edict presented by the French Ministry of
Agriculture and the recommendations of the
Helsinski Declaration. Mice were anesthetized
with isoflurane inhalation (Aerrane, Baxter S.A.,
Lessines, Belgium) before being euthanized by
dislocation of cervical vertebrae.
Isolated nerve-muscle preparations were mounted
in silicone-lined organ baths superfused with an
oxygenated standard Krebs-Ringer solution of the
following composition (in mM): NaCl 140, KCl 5,
CaCl2 2, MgCl2 1, D-glucose 11, and HEPES 5 (pH
7.4) In some experiments, the CaCl2 was reduced to
0.4 mM and MgCl2 was increased to 7.0 mM, the
osmolarity being kept constant.
Presynaptic currents were recorded with firepolished glass microelectrodes (filled with
standard saline and having resistance of 1-2.106
ohms) and an Axoclamp-2A system (Axon
Instruments, Union City, CA, USA) from motor
nerve terminals of the levator auris longus nervemuscle preparation (Angaut-Petit et al., 1987). An
Ag-AgCl pellet located in the bath served as the
reference electrode.
Intracellular recordings of the resting membrane
potential, end-plate potential (EPP) and miniature
end-plate potential (MEPP) were made with
standard techniques, using an Axoclamp-2A
system and glass microelectrodes filled with 3 M
KCl and with resistances of 5-8.106 ohms. The
phrenic nerve was stimulated through a suction
electrode by supramaximal square wave pulses of
0.05 ms duration at a frequency of 0.25 Hz. The
quantal content (m) of the EPP was assessed
directly as the ratio of the average EPP amplitude
and the average MEPP amplitude (at least 25
MEPPs and 75 EPPs were averaged). EPPs with
amplitude exceeding 3 mV were corrected for
nonlinear summation of quanta. The equilibrium
potential for ACh used in the calculations was -7
mV (the maximal correction rarely exceeded 7%).
When the quantal content of EPPs was low, the
following equation based on Poisson statistics was
used: m = ln (N/No), where m is the average
number of transmitter quanta released per impulse,
N is the total number of stimulations, and No is the
corresponding number of failures of release (i.e.,
the number of stimuli not followed by an EPP).
Signals were collected, amplified and digitized
with the aid of a computer equipped with a
Digidata-1322A A/D interface board (Axon
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Instruments). Data acquisition and analysis were
performed with the WinWCP V3.9.6 software
program, kindly provided by Dr. John Dempster
(University of Strathclyde, Scotland). All
experiments were carried out at constant room
temperature (22°C).
The results are expressed as the mean ± S.E.
Statistical differences were calculated using either
paired or unpaired Student's t-test. P values < 0.05
were considered statistically significant.
Results and Discussion
To determine if gambierol had an effect on the
resting membrane potential and MEPP frequency,
experiments were performed on isolated phrenic
nerve-hemidiaphragm muscle preparations. Under
control conditions the mean resting potential of
muscle fibers in the mouse hemidiaphragm was
-69.2 ± 2.8 mV. After 2, 10 and 20 nM gambierol
treatment for 30 min, it was -67.9 ± 2.7, -68.2 ± 1.9
and -69.6 ± 2.2 mV, respectively (n = 28 to 36
fibers sampled from hemidiaphragms of 3 different
mice for each condition). These results indicate that
gambierol, in the range of concentrations studied
had no significant action on the resting membrane
potential of muscle fibers (P > 0.05).
Spontaneous quantal transmitter release, measured
by recording MEPP frequency in resting junctions,
was not significantly modified by 10 nM gambierol
applied for 30 min (1.70 ± 0.33 vs 1.58 ± 0.29 s-1;
n = 20 junctions sampled from 3 different
hemidiaphragms; P > 0.05). This is in marked
contrast to the action of both Pacific ciguatoxin-1B
and Caribbean ciguatoxin-1 which greatly increase
MEPP frequency, the increase being sensitive to
the sodium channel blocker tetrodotoxin (Mattei et
al., 2010; Molgó et al., 1991, 1990). Those results
strongly suggested that such an action was related
to the activation of voltage-gated Na channels
(Molgó et al., 1992).
The mean quantal content of evoked EPPs was
determined at individual junctions of the phrenichemidiaphragm preparations equilibrated for 30
min with a low-Ca2+ (0.4 mM) and high-Mg2+ (7.0
mM) physiological medium. Under control
conditions, the mean quantal content of EPPs
(mean number of transmitter quanta that enters in
the composition of a synaptic response during a
series of nerve stimulations) was 0.70 ± 0.07 (n =
26 junctions from 5 hemidiaphragms; m values
ranged between 0.3 and 1.5, with a coefficient of
variation = 0.53), indicating that a high proportion
of nerve impulses failed to release the transmitter
and to evoke an EPP. Interesting, after 20 min

equilibration with 2 nM gambierol, most of the
junctions examined had no failure of release upon
nerve stimulation, and mean m values were
increased to 5.9 ± 0.4 (n = 26 junctions from 5
hemidiaphragms; m values ranged between 2.8 and
9.6, with a coefficient of variation = 0.35). Thus,
there was an about eight-fold increase in m values.
The action of gambierol was investigated to clarify
if its ability to enhance evoked quantal ACh release
was related to an action on presynaptic currents.
Typical focal current recordings, performed in a
standard Krebs-Ringer solution containing dtubocurarine (2.5 µM) to block neuromuscular
transmission and muscle contraction, are shown in
Fig. 2.

Fig. 2. Superimposed traces of focally recorded preand post-synaptic currents (truncated) at a single
neuromuscular junction, before (black trace) and after
the addition of 2 nM gambierol (coloured trace) to the
standard Krebs-Ringer solution. S designates the nerve
stimulus artefact; IC is the transient capacity current;
IK shows the fast K+ current that is partially blocked by
gambierol. Each trace is the average of 16 focal current
recordings. Vertical calibration is in arbitrary units
(a.u.) due to the unknown resistance between the
recording microelectrode and the nerve terminal
membrane.

When the current microelectrode was gently placed
on the nerve terminal of a single neuromuscular
junction, two positive signals were detected. The
first peak relates to the capacity current (IC)
leaving the terminal, due to the Na+ influx into the
nodes of Ranvier of the parent axon. The second
peak corresponds to a fast K+ current (IK)
generated in the nerve terminals (see Fig. 2). The
addition of gambierol (2-10 nM) to the medium
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caused, within 10-15 min, a reduction of the IK
signal of presynaptic currents without affecting the
IC component.
Altogether, the results here presented show for the
first time that gambierol enhances evoked quantal
transmitter release in response to 0.25-Hz nerve
stimulation, without affecting spontaneous quantal
release recorded as MEPP frequency. On
equimolar basis, gambierol, is more potent than
3,4-diaminopyridine, a well-known Kv-channel
blocker of motor nerve terminals that has been
previously studied in mammalian neuromuscular
junctions (Molgó et al., 1980). Thus, blockade of
the fast IK current in motor nerve terminals by
gambierol lengthens the action potential duration
and increases evoked quantal transmitter release.
Experiments are in progress to determine whether
gambierol influences the phasic entry of Ca2+ into
the terminals.
Our results strongly suggest that gambierol and
analogues can have potential medical application in
neuromuscular transmission, under conditions in
which it is necessary to antagonize pre- or postsynaptic neuromuscular blockade, or both.
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Abstract
In recent years in Chile, numerous HAB events have been observed, particularly photo-autotrophic flagellate
species, which have caused problems in fisheries and aquaculture. The Chilean fjord ecosystem has been
intensely monitored and studied for key phytoplankton species, including characterization of cells using
FlowCam analysis, photosynthesis and ocean color remote sensing.
The results provide valuable information as they contribute to understanding the oceanographic and ecological
significance of such HABs. Here, we developed an on-line biological indicator such as a HABf INDEX
(=HABFIX) that provides fish farmers, authorities and general users an integrated and comparable variable
for a risk information system.
HABFIX is based on an algorithm that considers different weighting factors and risk coefficients of various
parameters. Specifically, the structure of the algorithm is based on the sum of the water-column-weighted
average of each harmful algal abundance and their ratios. With this novel algorithm we attempt to include the
synergies of harmful algal effects on fish farms.
In hindsight we are able to run HABFIX, checking a large dataseries from phytoplankton monitoring through
e-cloud computing using business intelligence software. While the results of HABFIX show a direct relation
with harmful algae bloom effects on fish farmsthere are, however, a few challenges to overcome.
Keywords: HABf INDEX, monitoring, phytoplankton, algorithm
Introduction
Southern Chile is a marine ecosystem providing
numerous benefits for society, most importantly
sustainable economic development, including
aquaculture and fisheries, maritime activities,
tourism, fjord bio-diversity and conservation.
Most scientists believe HABs are increasing in
frequency, magnitude, and duration worldwide
(Wells et al., 2015). Locally, we have observed an
increase in duration and intensity of HABs
depending on the species. These outbreaks have
significant economic and social impacts, and
climatic anomalies are playing important role
triggering extreme events (Clément et al., 2017;
Trainer et al., 2019). Our major focus of interest is
to apply several techniques, such as, bio-optics, cell
imaging, harmful algal algorithms for monitoring
and forecasting HABs.
Phytoplankton monitoring has been carried out in
Southern Chile for more than 29 years (Clément &

Guzmán 1989; Montes et al., 2018) but since the
2000s more air-sea complexities have been
observed (León-Muñoz et al., 2018). Until now, the
main species of concern are photosynthetic
flagellates; A. catenella, Pseudochattonella spp.,
and Karenia spp. From a practical point of view,
the risk of occurrence of HABs can be estimated as
a function, influenced by harmful algae ratios and
weight factors. Under this complex biological
environment, we have developed and tested a novel
HABf INDEX = (HABFIX) to ease, and improve
decision making process for official authorities and
fish farmers. In Europe the Plankton Community
Index is a quantitative method for evaluating
changes in the community structure of
phytoplankton using a state-space perspective (Tett
et al., 2008). Several phytoplankton indices have
been used, but very few focus on HABs. Anderson
et al., 2014 developed the HAB INDEX, for
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shellfish poisoning toxicity in the Gulf of Maine.
There also exists the K. brevis Bloom Index
(KBBI) that is based on remote sensing optical
techniques for detecting and classifying the toxic
dinoflagellate Karenia spp., (Amin et al., 2009).
The main objective of this study was to develop an
algorithm that measures the risk of several harmful
algal species in the marine coastal ecosystem, with
emphasis on fish farms areas.
Materials and Methods
The phytoplankton dataset comes from the
monitoring program of the Chilean salmon farming
industry, called POAS (Programa Oceanografico
Ambiental en Salmonidos; Clément, 2016). This
program runs since 1998 and has over 40 sites, and
provides weekly samples with no chemical
fixatives, and at 4 depth levels (0, 5, 10 and 15 m).
The program covers a large area of 80,000 km2
(Fig. 1). For water and cells analysis we use
several phytoplankton techniques, including
inverted microscopy of fresh cells, imaging flow
cytometer (FlowCam), FRRf3 measuring active
and variable chlorophyll fluorescence (Fo, Fm &
Fv) to obtain an eco-physiological approach of the
cells (Oxborough et al., 2012). The phytoplankton
data is archived in a local database
(http://sispal.plancton.cl/clientes/) and we apply
business intelligence software for data
visualization for fish farmers and other users.
HABFIX is an algorithm using a series of variables
and coefficients, which include: water column
weighted average concentration of total
phytoplankton, ratio of specific harmful algae
concentration divided by the critical or threshold
value to damage fish tissue (Mardones & Clément
2016; Montes et al., 2018).
The synergistic effects, i.e., presence of 2 or more
harmful algae are calculated using different ratios,
applying specific empirical constants and
coefficients
factors.
The
HABFIX
is
dimensionless, and its numerical range varies from
0 to practically 560, though it could be larger. The
maximum value of 560 was observed for the
Pseudochattonella cf. verruculosa 2016 bloom.

Fig. 1. Study area and POAS phytoplankton monitoring
stations at fish farm and weekly average of HABFIX.

Mathematical formulations
The first term, [Harmful], is the sum of several
ratios of harmful algae species that produce
damage and/or mortality to farmed-fish. The
second term, [Phyto], represents the ratio of total
phytoplankton averaged concentration (CT),
divided by the Critical Total Concentration (CxT )
defined as 25,000 cell/mL (See Eq. 3). Waters at
high phytoplankton concentration are very turbid
(Secchi Disk < 2 m) and produce organic
exopolymeric substances (EPS) generated mainly
from phytoplankton (Jenkinson & Arzul 1998).
Eq. (1)

HABf = [Harmful] + [Phyto]

The main formula of the algorithm is Eq. 2 which
include a series of summation of harmful algae
ratios, averaged in the water column, multiplied by
the amplification factor (2 + 0.5 * λi), by αi, and d.
In addition, both variables Ci and Cxi are raised to
exponents < 1, to modulate the resulting values of
the HABFIX, as high phytoplankton abundance
(e.g. > 5000 cell/mL) can lead to significant
differences.

Eq. (2)
𝑀

0.75

𝐶𝑖
[Harmful] = ∑ ((2 + 0.5 ⋅ 𝜆𝑖 ) ⋅
⋅ 𝛼 ⋅ 𝑑)
𝐶𝑥𝑖 0.6 𝑖
𝑖
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Description of main parameter, coefficients and
terms of the algorithm

Ci

Cxi

i

Enhanced Mean is an integrated water
column average concentration of each
harmful algae (i) species (cell/mL).
Critical Concentration of harmful
algae(i). Tabulated values [1-50000 cell/
mL], which are captured directly from
database. Empirical value obtained from
POAS, historical HABs, & Montes et al.,
2018.
Amplification Factor: Amplifies the
effect of each harmful species i
in case:
Ci  Cxi → i = 1

;

Ci  Cxi → i = 0

i

Harmful species (i) risk coefficient.
Weights the noxious effect of each
harmful algae, according to the degree of
damage in fish aquaculture. Tabulated
values [0 - 1].

d

Type of damage. Discriminates the
contribution of each harmful species in
order to differentiate mathematically the
effect of ichthyotoxic species (d = 2) and
those that cause physical damage (d = 1,1).

M

Summation that depends on the number
and concentration of harmful algae species
in water samples.

N

Number of layers or depths sampled in
water column.

Ci , z

from highly heterogeneous cells distributions,
such as those found in thin layers and bloom
situations (Clément et al., 2017).
N

Eq. (4)

Ci =

C

i,z

z

N 0,9

Results and Discussion
We checked and hindcast the algorithm on the SQL
database to evaluate different harmful algae
concentrations, species risk coefficients (α), and
compared the damage to a fish farm. We present
HABFIX spatial and temporal data on a daily
basis, to follow the risk of HABs for the fish
aquaculture industry. Different harmful algae
species and abundance apparently produce distinct
a mechanism of mortality to fish (Mardones et al.,
2015). Therefore, we weight the risk in the
algorithm at several harmful algal concentrations
(Fig. 2). HABFIX is based upon an algorithm that
takes into account different weighting factors and
risk coefficients. Basically, the weighted average
ratio of each harmful algae and abundance
determines the HABFIX magnitude (Eq. 2). The
algorithm includes the sum of different harmful
algae and concentrations in the same mathematical
term, and in doing so, intrinsically takes into
account synergist effects, e.g., we have observed
several HABs of L. danicus and Pseudochattonella
cf. verruculosa practically co-existing in time and
space.
Results of HABFIX show a close relation with
harmful algal distribution and its impacts on
salmon farms, particularly with fish mortality rates.

Concentration of species i at depth z.

Eq. 3 represent averaged water column
phytoplankton ratio, but risk coefficients and type
of damage are not included. The associate
multiplicative amplification factor and exponent
have less weight that those from the [Harmful]
term. Therefore, [Phyto] term have low impact in
total value of HABFIX, particularly with
phytoplankton concentration lower than 25,000
cells/mL.
Eq. (3)
𝐶𝑇
[Phyto] = (0.4 + 0.5 ⋅ 𝜆) ⋅ (
)
𝐶𝑥𝑇

0.6

HABFIX is an integrate value in the water column:
Enhanced Mean, Ci , is slightly > than simple
arithmetic average, especially when number of
layers analyzed in water column is > 1 (N > 1).
This factor is applied to avoid bias values resulting

Fig. 2. The log of [HABFIX] in function of abundance
of 3 different harmful algae. Karenia spp.,
Pseudochattonella spp., and A. catenella

New published data of critical concentration of
weighting factors and coefficients are essential
(Montes et al., 2018). After phytoplankton dataset
is entered and saved to the server database,
HABFIX is automatically calculated and shared on
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line for users; fish farmer, or official authorities,
among others. Therefore, within a large fish farms
network, is available through e-cloud as useful
indicator of HAB risk, because describes spatialtemporal dynamics and synergistic effects of
several harmful algae in the monitoring area,
alerting the potential damage for marine fish
culture zones.
The P. cf. verruculosa summer 2019 bloom in
Chiloé Archipelago reached a HABFIX maximum
of 59.5, increasining exponentially over a few days.
During summer of 2018 a bloom of Karenia spp. in
Chile´s Patagonian Fjords showed an increased rate
lower than P. cf. verruculosa. Within a week
HABFIX can increase from 1 to 9 indicating an
early warning situation for fish farmers, managers
and authorities.
HABFIX is a novel algorithm as it provides a
summary of several parameters in one integrated
and comparable variable estimating the risk of
several harmful phytoplankton species and
concentration in fish farm area. Fish farmers,
official authorities and others users can use
HABFIX > 2, as early warning limit, regardless the
species of harmful algae in the water. Fish farmers
can decrease feeding rates and set up HABs
mitigations techniques under the scope of an
empirical algorithm. The next step and challenge
will be to forecast the HABFIX index.
Acknowledgements
This study was carried out under the POAS
program led by Plancton Andino and funded by the
fish farmers producers. We appreciate the
collaboration of H. Nelson from Fluid Imaging
Technologies very much. We thank to rest of our
team for the support.
References
Amin, R., Zhou, J., .. , B., Moshary, F., & Ahmed,
S. (2009). Opt. Express 17, (11), 9126–9144.
Anderson, D.M., Couture, D.A., Kleindinst, J.L.,
Keafer, B.A.,..., Hickey J.M., Solow, A.R. (2014).
Deep-Sea Research Part II: 103, 264–276.

Clément, A. (2016). POAS Versión 2016.
Plancton Andino. 1-18.
Clément, A., Guzmán, L. (1989). IN: Okaichi, T.
Anderson, D.M., Nemoto, T. (Eds.) Red tides:
Biology, environmental science, and toxicology.
121–124.
Clément A., Muñoz F., Brito C.G., Correa N., …,
Contreras, G., Egenau. O. (2017). pp. 34–37. IN:
Proença, L. A. O. & Hallegraeff, G.M. (eds).
Proc. of the 17th Int. Conference on Harmful
Algae. ISSHA.
Jenkinson, I. R., Arzul, G. (1998). IN: Harmful
Algae. Reguera, B., Blanco, J., Ferndandez M. L.,
& Wyatt, T. Xunta Galicia & IOC UNESCO
1998. 425–428.
León-Muñoz, J., Urbina, M.A., Garreaud, R.,
Iriarte, J.L. (2018). Scientific Reports, 8:1, 1330.
Mardones, J., Clément, A. (2016). Manual de
Microalgas del Sur de Chile. Ewos.
Mardones, J.I., Dorantes-Aranda, J.J., Nichols,
P.D., Hallegraeff, G.M., 2015. Harmful Algae 49,
40–49.
Montes, R.M., Rojas, X., Artacho, P., Tello, A., &
Quiñones, R.A. (2018). Harmful Algae, 77, 55–
65.
Oxborough, K., Moore, C. M., Suggett, D. J.,
Lawson, T., Chan, H. G., & Geider, R. J. (2012).
Limno. & Ocean: Methods, 10, 142–154.
https://doi.org/10.4319/lom.2012.10.142
Tett, P., Carreira, C., Mills, D.K., van Leeuwen,
S., .., E., Gowen, R. J. (2008). ICES Journal of
Marine Science, 65: 1475–1482.
Trainer, V. L., Moore, S. K., Hallegraeff, G.,
Kudela, R. M., Clément, A., Mardones, J. I., &
Cochlan, W. P. (2019). In press. Harmful Algae.
https://doi.org/10.1016/J.HAL.2019.03.009
Wells, M.L., Trainer, V.L., Smayda, T. J.,
Karlson, B. S. O.,… Cochlan, W. P. (2015).
Harmful Algae, 49, 68–93.

153

Harmful Algal bloom species associated with massive Atlantic salmon
mortalities while transported through the Gulf of Penas, southern Chile
Carolina Toro1, Cesar Alarcón1, Hernán Pacheco1, Pablo Salgado1, Máximo Frangopulos2, Francisco
Rodríguez3, Gonzalo Fuenzalida4, Roberto Raimapo1, Gemita Pizarro1 and Leonardo Guzmán4*
1

Centro de Estudios de Algas Nocivas (CREAN), Instituto de Fomento Pesquero (IFOP), Enrique Abello
0552, Punta Arenas, Chile.
2
Centro de Investigación GAIA-Antártica (CIGA), Universidad de Magallanes, Av. Bulnes 01855, Punta
Arenas, Chile; Centro FONDAP-IDEAL, Av. El Bosque 01789, Punta Arenas, Chile.
3
Instituto Español de Oceanografía (IEO), Subida a Radio Faro 50, 36390 Vigo, España.
4
Centro de Estudios de Algas Nocivas (CREAN), Instituto de Fomento Pesquero (IFOP), Padre Harter 574,
Puerto Montt, Chile.
*

corresponding author’s email: leonardo.guzman@ifop.cl

Abstract
During January (Austral Summer) 2017, in the Gulf of Penas (47° S), a mortality of around 130 tons of farmed
smolts of Atlantic salmon occurred while they were transported by three wellboats from the Aysén region (45°
S) to the western area of the Strait of Magellan (54° S). The ichthyotoxic Karenia cf. mikimotoi was identified
as the likely causative agent of mortality. Therefore, four field researches were conducted between February
2017 and March 2018 to assess the abundance and distribution of Karenia in the Gulf and surrounding areas.
In addition, data from this period provided by the Red Tide Monitoring Programme were considered. The
results showed the presence of different species of Karenia (K. cf. mikimotoi, K. cf. brevis, K. cf.
bicuneiformis). The highest abundances occurred in the Gulf of Penas (700 and 4,500 cells L -1, in February
2017 and 2018, respectively). The distribution of these species ranged from Paso Tamar (52°S), Magellan
region (100 cells L-1) to Inchemo island (45° S), Aysén region (200 cells L-1), both in March 2017.
Interestingly, Azadinium spp. for the first time were also identified at the Magellan region during 2017,
between Puerto Eden (49° S) and Mariotti Islets (55° S), reaching up to 2,800 cells L-1 at Estero Wickham (53°
S) in February 2018. The abundances and distributions of Karenia spp. and Azadinium spp suggest that their
densities increased initially in the open Pacific Ocean, followed by a passive hydrodynamical transport to the
Gulf of Penas, and later on to the Magellan region fjords.
Keywords: Gulf of Penas, Aysén-Magellan regions, Fjords, Red Tide-Monitoring Programme, ichthyotoxins,
Karenia spp, Azadinium spp.
Introduction
The presence of Karenia and Azadinium in Chilean
fjords is not well documented, although for
Karenia spp. there is more information. Blooms of
Karenia spp, have always been linked to fish and
invertebrate mortalities, in coastal areas of the
Pacific Ocean, including channels directly
connected to it. In January 2017, a mortality of
about 130 tons of farmed smolts of Atlantic salmon
(Salmo salar) occurred in the Gulf of Penas (47° S)
while they were transported by wellboats from the
Aysén region (45° S) to the western area of the
Strait of Magellan (54° S). Karenia cf. mikimotoi
was identified as the most probable agent causing
death of salmon; however, there is scarce

information on the abundance and spatio-temporal
distribution of Karenia in the Gulf of Penas and the
surrounding areas of southern Chile, as well as the
species that make it up, all known to be harmful to
aquaculture (Clément, 1999).
Materials and Methods
Study area
The study area encompasses the Reloncaví Sound
(41° S) in the northern area of the fjords to the
western area of the Strait of Magellan (54° S),
southern Chile (Fig. 1).
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Abundance and distribution
Water samples from wellboats tanks were obtained
during February and March 2017 and February
2018, and analyzed by microscopy using a
Sedgwick-rafter chamber. Data from the Magellan
region between March 2017 and February 2018
provided by the fjord system Red Tide-Monitoring
Programme, were also considered.
Algal identification
For the identification of Karenia, light microscopy
and PCR analysis were utilized. DNA extraction
was performed with the CTAB method. DNA
integrity was corroborated by Agarose gel, while
for the concentration, a QUBIT V4.0 equipment
was used. Primers described by Kamikawa et al.
(2006) for K. mikimotoi and primers designed by
Tillman et al. (2017) for Azadinium spp., were
used.
Results and Discussion

Fig. 1. Study area and spatial-temporal variation of
Karenia spp., from February 2017 to February 2018,
considering the results from samples taken from
wellboats and samples collected at the Magellan region
by the Red Tide-Monitoring Programme. The dashed
line (---) symbolizes the track made by wellboats and
the red circles with thick white line ( ) symbolizes the
sites with Karenia presence along the same track. The
red dots with white thin line ( ) symbolize presence of
Karenia in the stations monitored at the Magellan
Region by the Red Tide-Monitoring Programme.
Yellow stars ( ) indicate the presence of Azadinium
during February 2018 considering both sources of
information (Source of the maps: Google Earth).

Karenia spp. were detected from the Reloncaví
Sound (41° S) to the Mariotti Islets (55°) in
sampling sites located in the Pacific Ocean or sites
with oceanic influence (Fig. 1). During March
2017 and February 2018 Karenia spp. appeared in
a greater number of sampling sites, in months with
more favorable climatic conditions for
phytoplankton growth (Garreaud, 2018). The
highest abundances were observed in the Gulf of
Penas, during February in 2017 and 2018 (700 and
4,500 cells L-1, respectively).
A total of seven morphotypes of Karenia were
identified (Fig. 2a-g): K. mikimotoi, K. selliformis
(both confirmed with PCR), K. bicuneiformis, K.
cf. papilionacea, K. cf. brevis, K. cf. brevisulcata
and Karenia sp.
Historically, Gymnodinium spp. has already been
described for a sector of great geographic coverage,
from the Chiloé archipelago to the Magellan Strait
(42° - 54 ° S) in 1999 (Clément et al., 2000; Uribe
and Ruiz, 2001). Later, in samples collected from
Costa Channel, zone within the mentioned
geographical area, collected in 1999 during the
flowering of Gymodinium spp, Karenia cf.
mikimotoi were identified by PCR (GenBank
number U92250) (Guillou et al., 2002), species that
was later identified as K. selliformis (Haywood et
al. 2004). If the Gymnodinium bloom observed on
1999 was monospecific, it is difficult to establish.
Old bloom probably was composed by other
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morphospecies, as it is reported by Uribe and Ruiz
(2001) in agreements with our results.
Three different morphotypes belonging to the
Amphidomataceae family were observed, one of
them like Azadinium spinosum (Fig. 2h), one
unidentified (Azadinium sp. 1, Fig. 2j) and one
belonging to the genus Amphidoma (Amphidoma
cf. parvula) (Fig. 2i). These morphotypes were
identified in Punta Rescue (Pacific Ocean, Aysén
region) on March 2017, and on February 2018 it
was also identified at the Magellan region, between
Puerto Edén (49° S) and Mariotti Islets
Conference), about the presence within the fjords
and channel system of south pacific Patagonia of
these (55° S), reaching 2,800 cells L-1 at Estero
Wickham (53° S). It is important to pointed out that

this is the first formal report, together with the
poster presented by Frangópulos et al., (2018, this
lipophilic toxin producing dinoflagellates, with
different morphotypes. Previously, Tillmann et al.,
(2017) reported the first record from Chile of the
genus Azadinium detected in the Pacific north
Chilean coastal. Nevertheless, already in 1973
Campodónico and Guzmán (1974) had described a
red tide produced by Amphidoma sp. in the Strait
of Magellan.
In conclusion, 7 morphospecies of Karenia and 3
species of Amphidomataceae group were identified
in the fjord area of Chile, some or all of them could
have been associated the massive salmon
mortalities registered during the summer of 2017.

Fig. 2. Species of the genus Karenia and Azadinium identified in the Southern zone of Chile using light microscopy. a)
Karenia mikimotoi, b) Karenia selliformis, c) Karenia bicuneiformis, d) Karenia cf. papilionacea, e) Karenia cf. brevis,
f) Karenia cf. brevisulcata, g) Karenia sp., h) Azadinium cf. spinosum, i) Amphidoma cf. parvula, j) Azadinium sp. 1.
White arrows: Pyrenoids. White arrowhead: Antapical spine. White asterisk: nucleus. Scale bars: a-g, 10 mm; h-j, 5 mm.
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Abstract
Yessotoxins (YTXs) are a group of lipophilic shellfish toxins produced by the dinoflagellate Protoceratium
reticulatum and other species of phytoplankton. The European Union has regulated a maximum limit (ML) of
3.75 mg YTX eq/kg, but there is no ML in Canada. The Canadian Food Inspection Agency (CFIA) has
monitored YTX in Canadian shellfish since 2003 in support of export activities and to generate data for a
Canadian risk assessment. A seven-year dataset (2012-2018) is presented, with accompanying phytoplankton
data when available. Mussels (Mytilus spp.) were sampled most frequently. P. reticulatum was detected on
both the Atlantic and Pacific coasts of Canada, but YTX levels in shellfish were higher and more prevalent on
the Pacific coast. YTXs were detected in 65% of Pacific samples, but only 2% of Atlantic samples. Just 3.8%
of monitoring samples exceeded the EU ML; only one of these samples was from the Atlantic coast. The
highest total YTX concentration detected was 12 mg YTX eq/kg, which is one of the highest shellfish
contamination levels reported in the literature. YTX and 45-hydroxy YTX (45-OH YTX) were detected in
shellfish samples. YTX was the dominant analogue, but samples were more likely to exceed the EU ML when
45-OH YTX concentrations were equal to or greater than YTX concentrations. P. reticulatum cell counts
peaked slightly before shellfish YTX concentrations in nearby areas. In general, shellfish YTX concentrations
increased rapidly and then decreased slowly, although some variability was observed in rate of decrease. No
known human illnesses were linked to high YTX concentrations in shellfish harvested legally under the
conditions of Canada’s federal food safety program during this time.
Keywords: Yessotoxins, marine biotoxins, Protoceratium reticulatum
Introduction
Yessotoxin (YTX) is a polyether compound that
was first discovered in Japan (Murata et al., 1987),
and is produced by the dinoflagellates
Protoceratium reticulatum (Satake et al., 1997),
Gonyaulax spinifera (Rhodes et al., 2006), and
Lingulodinium polyedrum (Paz et al., 2004). Over
100 analogues have been identified in shellfish, but
many have not been well-characterized.
This family of compounds has been shown to have
potential for cardiac cell damage, but gaps remain
in the research (Tubaro et al., 2010). Recent studies
(Bagryantseva et al., 2018) have attempted to
address these gaps, but the mechanism of action is
still unknown. Other research has suggested
potential therapeutic uses of YTX to treat cancer or
Alzheimer’s disease (Alonso et al., 2013; Tobio et
al., 2016).
These compounds have been regulated in the
European Union since 2002 (EuropeanUnion,

2002) with a maximum level (ML) of 1 mg YTX
eq/kg shellfish. A 2008 risk assessment
(Anonymous, 2008) led to an increase in the ML,
to 3.75 mg YTX eq/kg shellfish (EuropeanUnion,
2013). This regulation includes 4 compounds:
YTX, 45-hydroxy YTX (45-OH YTX),
homoYTX, and 45-OH homoYTX. There are no
ML regulations in Canada, but the Canadian Food
Inspection Agency (CFIA) has monitored YTX
concentrations in shellfish since 2003.
The most commonly observed regulated analogues
are YTX and 45-OH YTX; 45-OH YTX is a
shellfish metabolite of YTX (Aasen et al., 2005;
Röder et al., 2011). Both YTX and 45-OH YTX
have been reported previously in Canadian samples
(Finch et al., 2005), and P. reticulatum has been
identified as a YTX-producer in Canada (Stobo et
al., 2003).
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Materials and Methods
Significant sampling sites are shown in Figure 1.

Fig. 1. BC sampling sites for shellfish: 1) Okeover
Inlet, 2) Ballet Bay, 3) Sykes Island, 4) Goliath Bay, 5)
Egmont, and 6) Spring Cove. BC sampling site for
phytoplankton: A) Ahlstrom. BC sampling location for
sea surface temperature (SST): B) Amphitrite Point
Lighthouse.

Shellfish sampling and analysis
Live molluscan shellfish samples were collected
from harvest sites between April 2012 and
September 2018 as part of the Canadian Shellfish
Sanitation Program (CSSP) (Table 1). Samples
were sent to a CFIA laboratory, where they were
cleaned, shucked, and homogenized. Sample
homogenates were either analysed immediately or
stored frozen prior to analysis.
Table 1. Distribution of shellfish species sampled
from Atlantic and Pacific Canada (April, 2012August, 2018)
Species
Pacific (%)
Atlantic (%)
Mussels

94.1

57.8

Clams

2.7

27.5

Geoducks

2.9

--

Scallops

0.1

8.4

Oysters

0.2

5.4

Whelks

--

1.0

Shellfish sample homogenates were analysed for
YTXs as part of a multi-toxin lipophilic shellfish
toxin method; 2.0 g subsamples of tissue
homogenate were extracted following the EU
harmonized SOP (EURLMB, 2015) with no SPE
cleanup and separation on a Waters Acquity UPLC
BEH Shield RP18, 1.7 µm, 2.1 x 100 mm column
with acidic mobile phase (Villar Gonzalez et al.,

2011). Analyses were carried out with either an
Agilent 1290 UHPLC system (Agilent
Technologies, Kirkland, QC, Canada) coupled to
an AB Sciex 5500 QTrap MS/MS (AB Sciex,
Concorde, ON, Canada) or a Waters I-Class UPLC
coupled to a Waters Xevo TQ-S Micro MS/MS
(Waters Limited, Millford, MA, USA). YTX
analogues were detected using negative
electrospray mode multiple-reaction monitoring
(MRM) and details are shown in Table 2.
HomoYTX was quantified against a homoYTX
certified reference material (CRM) from the
National Research Council Canada (NRCC)
(Halifax, NS, CA), and the other YTX compounds
were quantified against a YTX CRM from NRCC,
assuming equimolar response factors as YTX.
Table 2. MRM transitions for YTX compounds
Compound

Precursor Ion Product Ion

YTX

1141.5

1061.5

homoYTX

1155.5

1075.5

45-OH YTX

1157.5

1077.5

45-OH homo YTX

1171.5

1091.5

Phytoplankton sampling and analysis
Phytoplankton samples were collected for the
Harmful Algae Monitoring Program (HAMP), a
monitoring program in BC funded by the salmon
aquaculture industry. Sites near or at fish farms
around Vancouver Island and the BC Central Coast
were monitored; 120 mL discrete water samples
were taken weekly from 1 m, 5 m, and 10 m depths,
preserved with Lugol’s iodine solution
(Throndsen, 1978), and sent to the HAMP lab in
Nanaimo, BC for taxonomic analysis. Sampling
was done from March/April to October/November.
Sampling sites varied in number (10 to 16 sites
from 2012 – 2018) and placement from year to
year.
Preserved HAMP samples were analysed within 1–
2 days of arrival. Identification and enumeration of
phytoplankton was done with a compound
microscope using a Sedgewick-Rafter slide
(LeGresley and McDermott, 2010). Identification
was based on morphology to the lowest taxonomic
level possible (Hasle, 1978). Enumeration (as cells
mL-1) was done only for species that are known or
suspected to be fish-killers, and the species or
group that is dominant in the sample.
Phytoplankton species that are of concern due to
shellfish toxicity (e.g. P. reticulatum or other toxic
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dinoflagellates and diatoms) were noted if present,
and were counted if very numerous or if time
permitted.
Results and Discussion
Yessotoxins were detected in shellfish samples
from both the Atlantic and Pacific coasts of
Canada, but were significantly higher and more
prevalent on the Pacific Coast (Table 3).
Table 3. Prevalence and maximum concentrations
of YTX in shellfish flesh sampled in Pacific and
Atlantic Canada (April 2012 - August 2018)
Prevalence
Maximum Total
(%
Detected)
YTX
eq (mg/kg)
Year
Pacific Atlantic Pacific Atlantic
2012

85

3

12

0.09

2013

74

1

7.0

1.5

2014

71

2

11

1.6

2015

58

3

3.5

1.0

2016

55

1

5.2

0.19

2017

43

0

3.4

0.26

2018

54

3

11

0.35

Shellfish sampling was conducted to determine the
highest food safety risk - not to compare toxin
levels between species. Mussels are often used as
the sentinel species in toxin monitoring, and were
sampled more than other species (Table 1). This
was a retrospective data-analysis study and cannot
be used to support conclusions about YTX risk or
accumulation rates between shellfish species.

The most commonly detected analogues in
Canadian shellfish were YTX and 45-OH YTX, but
45-OH YTX was never observed without YTX
(Fig. 2). This is consistent with information that
significant 45-OH YTX concentrations are a result
of YTX metabolism in shellfish (Aasen et al.,
2005; Röder et al., 2011).
The primary dataset was the shellfish YTX
concentrations, and other datasets were overlayed
to find trends. It should be noted that these
comparisons are not perfect, with separation of up
to 16 km and 4 days between shellfish and
phytoplankton sampling (Fig.3, Fig. 4).
HAMP phytoplankton data were compared with
toxin data from nearby CSSP monitoring sites on
the Pacific coast. Results showed P. reticulatum
increased just before total YTX levels (Fig. 3).

Fig. 3. P. reticulatum cell counts and total YTX
concentrations in shellfish from Jervis Inlet, BC.

YTX data were compared with SST data. Fig. 4
reveals that peak total YTX concentrations occur
near peak temperatures. SST often peaked slightly
earlier than total YTX concentrations, but this lag
could be expected as increased SST allowed P.
reticulatum to bloom, and produce YTX, which
then contaminated shellfish.

Fig. 2. YTX analogues detected in shellfish samples
collected at Okeover Inlet, BC.
Fig. 4. Total YTX concentrations in shellfish from
Spring Cove, BC and SST data from lighthouse at
Amphitrite Point, BC.
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This dataset shows continued YTX detections in
Canadian shellfish, with significantly higher and
more prevalent YTX concentrations on the Pacific
coast. YTX and 45-OH YTX were detected with a
maximum of 12 mg YTXeq/kg. Most of these data
(73%) were based on mussel samples, with
insufficient data to draw conclusions about YTX
uptake for other species. High YTX concentrations
have not been detected every year, but in years
when high concentrations are detected, the peak
concentration in shellfish seems to happen when
the SST is highest. It is significant to note that no
reported human illnesses have been associated with
these high YTX concentrations in shellfish.
Acknowledgements
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Abstract
Lipophilic marine biotoxins accumulate in shellfish and can produce negative impacts in human health and
local economies. In the southernmost regions of Aysén and Magallanes (44°S-54°S) the persistent presence of
Dinophysis acuta and accumulation of okadaic acid and dinophysistoxins in benthic shellfish have been
reported since 1994. Application of an UHPLC-MS/MS method in Los Lagos Region for the determination of
lipophilic toxins (EURLMB SOP, 2015) as part of a National Shellfish Sanitation Programme, generated for
the first time a detailed survey of their occurrence and distribution in 67 sampling stations located in the Chiloé
Inner Sea (41.5°S-45.5°S). In samples obtained from October 2015 to September 2018, yessotoxin accounted
for 80.1% of total detected samples and this showed correspondence with the density distribution of
Protoceratium reticulatum in some locations. Pectenotoxin-2 was detected in 17.0% of detected samples and
its presence could be explained by the concurrent detection of Dinophysis cf. acuminata. In contrast, okadaic
acid, dinophysistoxin-1 and -2, and azaspiracids-1 and -2 were detected in only 3.0% of detected samples.
Interestingly, all samples above LOD had toxin concentrations below the maximum permitted levels and no
precautionary closures needed to be enforced. Distribution analyses of phytoplankton abundance vs. % of
detections of lipophilic toxins per sampling station, showed a clear North-South latitudinal distribution
gradient for P. reticulatum abundance and YTX levels.
These results indicate that Los Lagos Region is characterized by: a) a latitudinal asymmetric distribution of P.
reticulatum and Dinophysis cf. acuminata, b) a very low prevalence of diarrheagenic lipophilic toxins and their
causative species and, c) low accumulation levels of these toxins in mussels and clams.
Keywords: lipophilic marine biotoxins, yessotoxins, Protoceratium reticulatum, mussels
Introduction
Since 1994 the persistent presence of lipophilic and
paralytic marine toxins has caused serious damage
to local industries in the southernmost regions of
Aysén and Magallanes (44°-54°S) (Uribe et al.,
2001). More infrequent events have affected the
Los Lagos Region (41°S-43.5°S) one of the most
important mussel aquaculture areas in the world
(Seguel and Sfeir, 2010). Mussel aquaculture has
grown steadily since 2002 at an annual rate of 12%.
More than 380.000 tons were landed in 2017 and
over 90% of this production was destined for
exports totalling over US$250 million. Other
species are harvested for export and domestic
consumption (Rivera et al., 2017).

The presence of dinoflagellates of the Dinophysis
genus, such as D. acuta, D. acuminata (see note)
and D. rotundata, was confirmed previously in
several southern coastal areas (Guzmán and
Campodónico, 1975). The first human DSP
shellfish intoxications were reported in Los Lagos
Region in 1970 and 1971. They were associated
with extensive blooms of Dinophysis species. A
high proportion of dinophysistoxin-1 and lower
concentrations of okadaic acid were reported in
mussels and cholgas (Aulacomya atra) collected
from the affected areas together with the first
detections of pectenotoxins and yessotoxin in the
region (Zhao y cols., 1993).
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In recent years, mussels and ribbed mussel
(Aulacomya atra) from aquaculture sites in the
Chiloe Archipelago showed accumulation of DTX1, DTX-3, YTX and PTXs (García et al., 2012). A
comprehensive study on endemic bivalve and
carnivorous species from the Aysén Region
identified highly variable concentrations of AO,
DTX-1, AZA-1, PTX-2 and YTX (Zamorano et al.,
2013).
LC-MS analysis of phytoplankton concentrates
containing D. acuminata from Arica Bay (18.30ºS)
yielded yessotoxin, PTX-2, PTX-11 and PTX-2
seco acid (Krock et al., 2009). Pectenotoxin-2 was
detected in isolated cells from D. acuminata and
bivalve species collected from Atacama and
Coquimbo regions (Blanco et al., 2007). During a
bloom of Dinophysis species in Reloncaví fjord
(42ºS) high concentrations of PTX-2 in
phytoplankton concentrates that contained D.
acuminata, D. tripos and D. subcircularis, were
reported (Alves de Souza et al., 2013) (Note: The
original denominations in previous publications as
D. acuminata have been kept).
The National Shellfish Sanitation Program (NSSP,
2018) was implemented in 1996. This includes
routine weekly sampling from over 100 stations.
Frequencies are increased during periods where
toxin levels exceed pre-established concentrations
and/or after detection of toxic phytoplankton
species. The NSSP also includes concurrent
phytoplankton monitoring that complements
toxicity determinations and provides an early
warning system to stakeholders. A comprehensive
monitoring programme was initiated in 2006 in the
southern regions of Los Lagos, Aysén and
Magallanes (41.5°S-54°S) by the Institute for
Fisheries Research that provided time series of
phytoplankton distribution and toxin levels
together with environmental and oceanographic
parameters (Guzmán et al., 2018).
Materials and Methods
Shellfish samples and analysis
After replacement of the mouse bioassay by LCMS/MS methods in 2014 (SOP Version 5, 2015), a
previously unknown detailed picture of lipophilic
toxin levels and their distribution in shellfish was
obtained for Los Lagos Region.

performed on a HPLC-system (Agilent 1200)
coupled to a triple-quadrupole mass spectrometer
(Agilent 6430) with ESI interface. Acidic
conditions (pH range 3.25-3.45) were used.
Analytes were detected by negative or positive ion
mode using multiple reaction monitoring (MRM).
Positive MRM was used for AO, DTX-1, DTX-2,
PTX-1, PTX-2, AZA-1, AZA-2 and AZA-3 and
negative MRM for YTX, 45-OH-YTX, 45-OHhomo-YTX and homo-YTX. Certified reference
materials were provided by NRCC, Canada. The
method was in-house validated and ISO
17025:2005 accredited. Its performance was
periodically
assessed
by
QUASIMEME
proficiency testing rounds.
Data sets
This study covered a 36 months period (October
2015 to September 2018). Shellfish samples
(mussels) were obtained from sampling stations of
the NSSP. A subset of 67 sampling stations from a
total of 100 sites was selected. They corresponded
to shellfish aquaculture zones and wild-shellfish
beds located in the Chiloé Inner Sea (41.5°S43.5ºS) (Fig. 1). The subset corresponded to
stations that were monitored for at least 18 months
and that provided a minimum of 72 samples during
the reporting period. Thus, observed trends did not
depend on sampling frequency or distribution
through the reporting period. Phytoplankton cell
densities were retrieved from data sets from 42
stations included in the IFOP regional monitoring
programme reports that include 10 monthly
surveys per year (Guzmán et al, 2018).
Results and Discussion
Application of an UHPLC-MS/MS method in Los
Lagos Region for the determination of lipophilic
toxins generated for the first time a detailed survey
of their occurrence and distribution in sampling
stations corresponding to aquaculture centres and
shellfish beds located in the Chiloé Inner Sea
(41.5°S-43.5ºS) (Fig 1).
Regulated lipophilic toxins were detected above
LOD in 8.7% of all samples (N=965/11,100).
Yessotoxin accounted for 80.1% of all samples
above LOD (773/965) and this correlated well with
the density of Protoceratium reticulatum in some
locations.

Statutory analyses were performed at the
Laboratory of Marine Toxins on samples provided
by the NSSP, by liquid chromatography coupled to
tandem mass spectrometry (UHPLC-MS/MS)
(EURLMB, 2015; and Braña-Magdalena et al.,
2014) with modifications. Targeted analyses were
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Fig. 2. Latitudinal distribution of % detections of YTX
in mussels obtained from 67 sampling stations
distributed between 41º and 43.5ºS in the Chiloe
Island. Percent detections per sampling station were
obtained as Nº of detections*100/Nº of monthly
samples.
Fig. 1. Distribution of NSSP sampling stations for
lipophilic toxins.

Pectenotoxin-2 was detected in 17.0% of samples
(174/965) and could be explained by the presence
of Dinophysis cf. acuminata (Fux et al. 2011).
Much fewer samples containing okadaic acid,
dinophysistoxin-1 and -2 (1.5%; 14/965) and
azaspiracid-1 and 2 (1.5%; 14/965) could be
observed. Interestingly, all samples above LOD
had toxin levels below the maximum permitted
levels and no precautionary closures needed to be
enforced.
Distribution analyses of phytoplankton abundance
vs. % of detections of lipophilic toxins per
sampling station and toxicity levels, showed a clear
North-South latitudinal gradient for P. reticulatum
abundance and YTX levels. (Fig. 2). Maximum
abundances of P. reticulatum, number of YTX
detections and toxicity levels were consistently
found in sampling stations to the north of the Los
Lagos Region, in areas of significant shellfish
production located near the town of Calbuco
(41.5°S) (Fig. 1). A similar latitudinal trend was
observed for PTX-2 and D. cf. acuminata (not
shown). In aquaculture areas located in the central
part of the Island of Chiloé (42°) that provide over
65% of landed tons of mussels per year, all
detection parameters were much lower as
compared to northern areas.

These results confirm that during the reporting
period, the Los Lagos Region was characterized by
a low risk of human intoxications due to the scarce
presence of diarrheagenic toxins, in contrast to the
severe and extensive PSP outbreak that impacted
the same area during March-May 2016 (Strub et al.,
2019) with record levels of saxitoxins
accumulation. Interestingly, the occurrence and
distribution of these toxin groups in shellfish
produced by D. cf. acuminata and P. reticulatum,
may be explained in part by oceanographic
forcings and environmental cues on the causative
species as recently reported (Alves de Souza et al.,
2019; Strub et al., 2019).
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Abstract
The silicoflagellates Octactis speculum and Dictyocha fibula are regular components of the phytoplankton
community in British Columbia (BC) waters (48-76% of monitored weeks), with O. speculum being
particularly prevalent throughout the year. Data from the BC salmon aquaculture industry’s Harmful Algae
Monitoring Program indicate blooms of both O. speculum and D. fibula cause mortalities of farmed salmon,
including Atlantic (Salmo salar) and Chinook (Oncorhynchus tshawytscha). Fish-kills occurred with cell
counts of 300 – 500 cells mL-1 of either species of algae. Blooms of O. speculum were more limited in duration
and extent than those of D. fibula. O. speculum blooms were most often observed in the spring (April to June),
whereas D. fibula blooms occurred in summer to early autumn (July to September). O. speculum was generally
observed in the skeletal form, but D. fibula cells observed were predominantly the non-skeletal form, with
intermediate and skeletal forms more common later in the blooms. Not all thick blooms were associated with
fish kills; mortalities were more often observed when significant concentrations of the algae were seen
throughout the water column (surface to 15m depth) than with surface blooms only. In all reported fish kill
events dissolved oxygen levels were not limiting, and pathological signs in salmon mortalities were consistent
with a toxic mechanism.
Keywords: silicoflagellates, Octactis, Dictyocha, Harmful Algae Monitoring Program, fish kills, salmon
Introduction
Farmed salmon is the largest agricultural export in
British Columbia (BC), with ca. 85.6 thousand
tonnes, with a market value of ~CAD$730 million,
produced in 2017 (Statistics Canada 2017). There
are approximately 130 salmon farm tenures in
western Canada, sited around Vancouver Island
and in the Central Coast area of BC, with 75 – 80
of these sites in active production at any given time
(Government of Canada 2019).
Salmon aquaculture in BC has been impacted by
harmful algal species since its beginning in the late
1970s (Black 1990; Whyte et al. 1999; Taylor &
Harrison 2002). In 1999, the salmon farmers in BC
started the Harmful Algae Monitoring Program
(HAMP) with the support of Fisheries and Oceans
Canada (DFO) to monitor, manage, and mitigate
harmful algal blooms (HABs). Early research
identified Heterosigma akashiwo and two
mechanically harmful Chaetoceros species as the
most common causative species of fish kills. Since
1999, HAMP monitoring has also provided data on
farmed salmon kills caused by Dictyocha,
Chrysochromulina, Chattonella, and Pseudo-

chattonella species (Haigh et al. 2014, N. Haigh,
unpubl. data).
The silicoflagellates are little studied. For this
reason, as well as their complex life histories with
multimorphic life stages, the taxonomy of the
Dictyochales has been poorly understood.
Recently, Chang et al. (2017) undertook a revision
of this group based on multiple characteristics,
including molecular phylogeny, and recommended
that Dictyocha speculum be moved to the Octactis
genus.
Dictyocha and Octactis species frequently reach
bloom concentrations in BC waters (Wailes 1939,
Fagerness 1984, Haigh et al. 1992) and their fossils
are found in sediments formed over the last 10,000
years (McQuoid and Hobson 2001).
Dictyocha / Octactis species have been reported to
cause mortalities of Altantic salmon and rainbow
trout in Scotland, Denmark, France and Spain
(reviewed in Landsberg 2002 and Smayda 2006).
Here we report the spatial and temporal distribution
of Octactis speculum and Dictyocha fibula, and
fish kills due to these species, at HAMP monitoring
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sites on the southwest coast of BC between 1999
and 2017.
Materials and Methods
HAMP phytoplankton sampling sites were selected
by the participant salmon aquaculture companies
based on historical presence of harmful algae and
logistical concerns. Sampling was usually done
from March or April to October or November.
Sampling sites varied in number (10 to 28 sites
from 1999 – 2017) and placement from year to
year. Data from the HAMP monitoring sites are
grouped by area (Fig. 1).

Fig. 1. Map of sampling region and HAMP sampling
areas.

Water samples (120 ml discrete samples at 1, 5 and
10 m depths) were collected weekly at HAMP sites
by farm personnel using a Niskin, LaMotte or
homemade sampling bottle. After preservation
with Lugol's iodine solution (Throndsen, 1978) the
samples were sent to the HAMP lab in Nanaimo for
taxonomic analysis.
Additionally, farm staff collect water samples for
routine
on-site
plankton
analysis,
and
environmental data (temperature, salinity,
dissolved oxygen) twice daily during plankton
season. Samples collected using a 20 µm net tow or
discrete sampler are examined live or preserved on
Sedgewick Rafter slides on a compound
microscope with 40X to 400X magnification.
Identification of harmful algal species in routine
samples triggers more frequent sampling at the site
or nearby ”sentinel sites” that are known to see
harmful algae earlier or at higher concentrations.
Preserved HAMP samples were typically analysed
within 1 – 2 days of receipt. Identification and
enumeration of phytoplankton were done with a
compound microscope using a Sedgewick-Rafter
slide (LeGresley and McDermott, 2010).

Identification was done to the lowest taxonomic
level possible, based on morphology (Hasle, 1978).
Enumeration was usually only done of species
known or suspected to be fish-killers, and the
species or group that was dominant in the sample.
Results and Discussion
O. speculum and D. fibula are the most frequently
observed species of the Dictyochales in HAMP
samples. Skeletal and non-skeletal forms are
regularly seen; identification of non-skeletal forms
to species solely based on morphology is difficult.
Blooms of non-skeletal Dictyocha seen during the
summer months appear to be D. fibula; this
assumption is made due to their larger size (35 – 60
µm) and the frequent observation of intermediate
form cells containing partial skeletons, followed by
D. fibula skeletal cells, in the latter stages of these
blooms. Figure 2 shows typical cells of these
species from HAMP samples.

Fig. 2. Silicoflagellates from Lugol’s iodine preserved
HAMP samples. a) Octactis speculum b) Dictyocha
fibula c) non-skeletal D. fibula.

O. speculum and D. fibula are both common in the
marine phytoplankton community in BC. O.
speculum is often seen at low levels throughout the
sampling season, and in combination with D. fibula
was present in the different HAMP areas from 48 –
76% of sampled weeks (Table 1).
The Dictyochales display a definite seasonality in
BC. Significant blooms of O. speculum occur in
late spring (April – June), whereas blooms of nonskeletal D. fibula are seen in summer (late June to
early September), followed by skeletal D. fibula.
Figure 3 shows this typical seasonality in cell count
data from four sites in 2016.
Both O. speculum and non-skeletal Dictyocha have
been reported to be fish-killers in Denmark,
France, Spain and Scotland (Smayda 2006).
Blooms of skeletal D. fibula are less common, and
mortalities due to this form have not been reported
in the literature. In BC, HAMP has recorded
mortalities due to all three forms; from 2003 to
2012 eight fish kills associated with Dictyocha /
Octactis species blooms were observed (Table 2).
Table 1. Mean prevalence (as presence in
percentage of weeks monitored annually 1999 2017) of skeletal and non-skeletal Dictyocha and
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Octactis species (grouped as “Dictyocha”) at high
concentrations (>300 cells mL-1) or any
concentration (“total”) in HAMP sampling areas,
and mean number of weeks monitored in each area.
Dictyocha

HAMP
Area

prev % total

prev % high

A
B
C
D
F
G
H
J

70.4
75.3
53.2
52.0
76.4
48.2
61.8
55.8

0.3
1.2
1.1
0.4
0.3
0.0
0.6
0.0

Mean
weeks
mon
27
27
28
25
28
20
26
22

Fig. 3. Data from four HAMP sites in areas B, C, D, and
F in 2016 showing typical seasonality of D. fibula, O.
speculum, and non-skeletal Dictyocha / Octactis. Cell
counts are maximum concentrations from 1m, 5m, and
10m depth samples.

Mortality events occurred in areas east of
Vancouver Island in 2003, 2004, and 2007. In 2003
low level fish-killing blooms were reported in Area
B in mid-July, and in Area C in August; D. fibula,
O. speculum and non-skeletal Dictyocha were
present in Area B, and D. fibula and non-skeletal

Dictyocha in Area C. During the latter event fish
died when cell counts reached 600 cells mL-1 D.
fibula combined with 200 cells mL-1 non-skeletal
Dictyocha. In Area A in 2004 a bloom of 1000
cells mL-1 motile flagellated O. speculum caused a
small fish kill. In June 2007 moderate mortalities
associated with a bloom of O. speculum and nonskeletal Dictyocha was seen at a site in Area C.
Table 2. Fish kills associated with D. fibula and O.
speculum blooms 2003 – 2012. Mortality level is
ranked from 1 (low, 100s of fish) to 3 (high, tonnes
of fish). Species are coded O.s.: O. speculum; D.f.:
D. fibula; n-s: non-skeletal form. (+) indicates
presence of other harmful algae species.
Yearmonth

Area

03-07

B

03-08
03-09
04-06
06-05
07-05
07-06
12-04

C
F
A
H
H
C
H

Mort
level
1
1
3
1
3
3
2
n.d.

O.s.

D.f.

n-s

+

+

+

+
+

+
+

+
+ (+)
+ (+)
+
+

+

Sites on the west coast of Vancouver Island have
also been affected by fish kills due to these species.
In September 2003 a site in Area F had a high level
mortality event with D. fibula and non-skeletal
Dictyocha. The maximum cell density of 1500 cells
mL-1, primarily D. fibula, was observed at 3 – 5 m
sampling depths, and cell counts up to 300 cells
mL-1 were seen to depths of 15 m. Sites in Area H
in May of 2006 and 2007 saw large fish kills from
blooms of O. speculum and an unidentified
Chrysochromulina species.
Farmed Atlantic salmon killed during these blooms
did not exhibit the gross pathological signs (high
mucus, bloody gills) typical of mechanical
irritation. In the O. speculum and non-skeletal D.
fibula bloom in Area B in July 2003, salmon gills
were reported to be ”gummy”, and Dictyocha cells
were observed in the mucus. However, in the large
mortality of farmed Chinook salmon in Area F due
to D. fibula in September 2003, killed fish were
reported to have very little in the way of mucus,
with ”pale gills with red patches” and no other
notable pathological signs.
During D. fibula and O. speculum fish kill events,
good quality environmental data were not always
provided to HAMP, although in all these cases
dissolved oxygen (DO) levels were reported to be
adequate. Figure 4 shows data for the 2003 Area B
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bloom when mortalities of Atlantic salmon
occurred in mid-late July, with maximum cell
counts of 320 cells mL-1 non-skeletal Dictyocha
and 80 cells mL-1 D. fibula, temperature 16.8 C and
salinity 25 at 1m, and DO 8.7 – 9.5 mg L-1 at all
sampling depths.
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Fig. 4. Area B site O. speculum, D. fibula, and nonskeletal Dictyocha maximum cell concentrations (1m,
5m and 10m sampling depths), temperature, salinity,
and DO in 2003. From HAMP data.

As shown by the HAMP seasonality, prevalence,
and mortality data, the Dictyochales are common
in BC and are significant fish-killers. While O.
speculum and non-skeletal Dictyocha have
previously been reported to cause mortality to fish
(Smayda 2006), this is, to our knowledge, the first
time that the skeletal form of D. fibula has been
shown to be ichthyotoxic to farmed salmon.
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Abstract
Azaspiracids (AZAs) are lipophilic polyether marine toxins produced by Azadinium and Amphidoma species.
They can accumulate in shellfish species and cause azaspiracid shellfish poisoning (AZP) in humans when
contaminated seafood is consumed. The distribution of azaspiracids is worldwide but the producer of these
toxins cannot always be identified. In New Zealand AZAs have been detected at low concentrations in shellfish
but the responsible organism remains unknown. The identification of the producer(s) is however crucial to
significantly improve the monitoring efficiency of seafood safety programs and to ensure the protection of
consumers. In this study, seawater samples collected as part of the New Zealand Marine Phytoplankton
Monitoring Program were screened for Azadinium and Amphidoma using real-time PCR assays. Several sites
were positive using the Amphidomataceae assay and the specific A. poporum and A. spinosum assays.
Sediment samples were also screened for Azadinium cells and were identified in samples collected in narrow
embayments. This result highlights the benefit of including sediment analyses in monitoring programs for early
warning purposes. Toxin production of cultures that were morphologically similar to Azadinium and of a
positive control, Chinese A. poporum strain CAWD219, were analysed by liquid chromatography with tandem
mass spectrometry (LC-MS/MS) to detect currently regulated azaspiracids, i.e. AZA-1, -2, -3.
Cryopreservation trials on Azadinium cultures from China (CAWD219, 220) were also performed in order to
ensure the long-term viability of the cultures but were unfortunately unsuccessful. Further trials will be carried
out in order to develop optimized protocols for Azadinium species.
Keywords: Azadinium, New Zealand, real-time PCR
Introduction
New Zealand’s seafood industry is expanding
rapidly and can be considered as a major economic
and nutritional asset (Wood et al. 2013). However,
harmful microalgae are an issue in New Zealand's
marine and freshwater environment as they can
produce toxins which are a major risk faced by this
primary production sector (Rhodes et al., 2001).
Toxins are most commonly produced by
dinoflagellates and are transferred through the food
web to higher trophic levels, particularly bivalves
(Delia et al., 2015). Bivalves, filter-feed on
microscopic algae, accumulate toxins in their
tissues and act as vectors to humans, causing acute
intoxications (Whittle and Gallacher 2000). During
the last few decades, toxic harmful algal blooms
have severely increased in frequency and
international accredited monitoring programs have
been instigated to tackle issues linked to these
blooms (Lassus et al., 2016; Rhodes et al., 2013).

The Cawthron Institute leads the Safe New Zealand
Seafood platform, which is a government funded
research program enabling seafood production to
meet market safety requirements. This program
includes the characterization of unknown
producers of marine biotoxins present in New
Zealand waters, for example azaspiracids (AZAs).
Azaspiracids are lipophilic polyether marine toxins
produced by Azadinium and Amphidoma species
(Tillman et al. 2017). They can accumulate in
shellfish species and cause AZA shellfish
poisoning (AZP) in humans consuming
contaminated seafood (Twiner et al., 2008). The
distribution of AZAs is worldwide and they have
been detected in many countries including: Ireland,
UK, Norway, Morocco, Portugal, North Africa,
Japan, Chile, Canada, United States, Argentina and
New Zealand (Kim et al. 2017; Salas et al. 2011;
Smith et al. 2016; Tillmann et al. 2016). However,
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the culprit producer of these toxins has not been
identified in each of these regions. In New Zealand
for instance, AZAs have been detected at low
concentration in shellfish (<0.04 mg kg-1) but the
responsible
organism
remains
unknown.
Azadinium poporum has been detected previously
in New Zealand but did not produce AZA-1, -2 or
-3. In order to protect human consumers and enable
cost savings for the seafood industry, increased
knowledge about the aetiology of AZP as well as
an improved risk assessment for AZAs in shellfish
is of utmost importance (Furey et al. 2010). In
particular, the identification of the culprit producer
of AZAs in New Zealand waters is a crucial
requirement to significantly improve the efficiency
of monitoring systems. To that end, molecular
tools, i.e. real-time polymerase chain reaction
(PCR), can provide information on bloom
development, potential toxin production, and
transfer of microalgae in the marine food web
(Plumley, 1997). These tools can provide a better
understanding of toxin production in the marine
environment and will enable surveillance studies to
become more efficient (Wood et al., 2013).
Materials and Methods
Environmental sampling
Seawater samples (100 mL) were collected from
various depths at several stations as part of the New
Zealand Marine Phytoplankton Monitoring
Program. Samples containing cells morphologically similar to Azadinium spp. cells were split
and 50 mL was filtered. The remaining sample was
stored to perform cell isolations. Sediment samples
were collected from several stations in the
Marlborough Sounds aboard a fishing boat using a
Van Veen grab. Sediments from the upper 0-1 cm
of the grab samples were collected in duplicate and
stored in the dark at 4°C.

Unialgal culturing and characterisation
Positive samples for the Amphidomataceae assay
were examined through an Olympus CKX41
inverted microscope and Azadinium-like cells were
isolated using micropipettes and transferred to 12well tissue culture plates. F/2 medium (Guillard
and Ryther 1962) was added to the wells, and the
cells were incubated at 18 °C, 90 μmol photons m−2
s−1 under a 12:12 L/D cycle. DNA extractions and
sequencing from the Azadinium-like cell cultures
was performed as previously described (Smith et
al. 2016).
LC-MS/MS for detection and quantification of
azaspiracids
Toxin analysis for AZA-1, -2 and -3 was performed
on different cultures, isolated Azadinium-like cell
cultures and a culture of a Chinese A. poporum
strain CAWD219 as previously described (Smith et
al. 2016).
Cryopreservation
Chinese Azadinium cultures (CAWD219 and
CAWD220) from the CICCM were grown to
stationary phase in standard growth media and
under standard growth conditions of 18 °C ± 2°C,
90 μmol photons m−2 s−1 under a 12:12 L/D cycle.
Micro-algae were trialled with three different
cryoprotective agent solutions (DMSO, ethylene
glycol, propylene glycol) and loaded into
cryopreservation straws. The straws were then
plunged into liquid nitrogen. Two control straws
from each treatment was processed as above but
not cryopreserved to test the effect of the
cryoprotective
agent
solutions
survival
independently of the freezing process. After one
week, straws were thawed, and viability was
assessed.

DNA extraction
Genomic DNA from filters and 0.25 g of sediment
was extracted using a Qiagen PowerSoilTM DNA
isolation kit following the manufacturer’s
instructions.
Real-time PCR assay targeting Amphidomataceae
species
Extracted DNA was analysed using a SYBR green
real-time PCR targeting Amphidomataceae species
(Smith et al., 2016). Positive samples were then
analysed using species specific assays for
Azadinium poporum and Azadinium spinosum.
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Fig. 1. Sampling sites (water and sediment samples) that were analysed using the real-time PCR assays for
Amphidomataceae spp., Azadinium poporum and Azadinium spinosum.

Results & Discussion
This study has increased our knowledge of the
distribution of Azadinium and Amphidoma species
in New Zealand waters. Nineteen seawater samples
were screened for Amphidomataceae species as
well as A. poporum and A. spinosum. Thirteen
samples were positive using the Amphidomataceae
assay, five of them were positive using the A.
poporum assay and five of them were positive
using the A. spinosum assay (Figure 1).
Positive results were also obtained for several
sediment samples from embayment areas. This
result highlights the benefits of including sediment
analyses in monitoring programs for harmful algal
bloom early warnings.
Unialgal cell cultures were established but DNA
sequencing revealed these cultures were
Heterocapsa sp. and Biecheleria sp. Hence, current
regulated AZAs were not detected in these unialgal
cultures through the the toxin analysis by LCMS/MS.
In order to ensure the long-term viability of
microalgal cultures, alternative methods to serial
subculturing should be developed. Therefore, this
study also investigated the potential of
cryopreservation to achieve that ambition. In the
control samples (non-cryopreserved), living cells
were only found in the 15% DMSO treatment while
no living cells were found in the cryopreserved

samples (Table 1). Further trials will be carried out
in order to develop optimized protocols for
Azadinium species. The type of cryoprotective
agent that is used, the cryoprotective agent
concentration, and the employed cooling rate will
be investigated. As a starting point, this study
demonstrated that 15% DMSO should be further
examined as a cryoprotective agent.
Table 1. Strains of Azadinium poporum used for the
cryopreservation trials, cryoprotective agent
treatments
applied
and
corresponding
morphological observations. NA, no relevant
observation; DMSO, dimethyl sulfoxide; EG,
ethylene glycol; PG, propylene glycol; C,
cryopreserved samples; NC, non-cryopreserved
samples (control samples).
Cryoprotective
agent
10% DMSO

10% EG

10% PG

C / NC

CAWD2 CAWD
19
220

C

NA

NA

NC

NA

NA

C

NA

NA

Non
motile
cells

NA

NC
C

Murky

Murky

NC

Murky

Murky
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15% DMSO

15% EG

15% PG

NA

C

Disintegr
ated
cytoplas
m

NC

Live cells

NA

C

Murky

NA

NC

Murky

NA

C

Murky

Murky

NC

Murky

Murky

Conclusion
Currently, AZAs are reported additively in New
Zealand (addition of AZA-1, -2 and -3), and AZA1 and -2 have been detected at low concentrations
in New Zealand shellfish. Azadinium spp. are
reported regularly in New Zealand’s coastal waters
by the Cawthron Institute micro-algae monitoring
laboratory, but, due to the difficulty of
differentiating
Azadinium
from
other
morphologically similar species by light
microscopy, it is reported as cf. Azadinium sp. Due
to these difficulties, a real-time PCR assay was
designed for the detection of Azadinium spp. and
Amphidoma languida to determine if field samples
reported as having cf. Azadinium sp. are in fact
positive for that genus and to aid in the isolation of
potential AZA producers from New Zealand. In
this study we detected Azadinium spp. (including
A. poporum and A. spinosum) from several
environmental samples from several sites around
New Zealand. The real-time PCR assays allowed
rapid determination of positive environmental
samples and enabled those with Amphidomataceae
species present to also be targeted for cell
isolations. The assay is a useful tool for monitoring
programmes and taxonomic surveys worldwide.
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Abstract
The attachment of the phosphopantetheine arm of CoA to provide a substrate upon which polyketides and fatty
acids are synthesized is performed by a phosphopantetheinyl transferase (PPTase) that is usually specific for
either an acyl carrier protein used in lipid synthesis or a protein complex that synthesizes polyketides. We
exploited the specificity of this rate-limiting reaction to begin to differentiate PPTases in dinoflagellates.
Phylogenetically speaking the dinoflagellate species surveyed possessed one to three PPTases that grouped
into three clades distinct from bacterial, fungal, and human sequences as well as algae in the genus
Chalmydomonas and apicomplexans in the genus Cryptospiridium. Although dinoflagellates that are not
known to produce a toxin were suspiciously absent from one of the clades (Clade 1), co-expression of each of
the three PPTases from Amphidinium carterae with a reporter gene indicating PPTase activation of non-lipid
synthesis showed minimal activation by the Clade 1 PPTase while the other two PPTases showed moderate to
high activation of the reporter. These results demonstrate the utility of phylogenetics in candidate gene
assignment but also the need for biochemical verification of the assignment.
Keywords: PPTase, fatty acids, polyketides, phylogenetics, dinoflagellates
Introduction
4′-Phosphopantetheinyl transferases (PPTase) are
responsible for the post-translational modification
of carrier proteins (CPs) in many primary and
secondary metabolic pathways. The CPs can be
stand-alone proteins such as the bacterial acyl
carrier proteins (ACP) in fatty acid synthesis, or
domains within multifunctional proteins such as
the ACP or peptidyl carrier protein (PCP) domains
in polyketide synthases (PKS) and non-ribosomal
peptide synthetase (NRPS) (Beld et al., 2014).
PPTases transfer the phosphopantetheinyl group of
co-substrate CoA to a conserved serine residue in
CPs. The modification of CPs with the flexible
phosphopantetheinyl group allows them to shuttle
acyl intermediates between proteins or domains
through reversible formation of a thioester linkage.
From
available
transcriptomes
of
the
dinoflagellates we collated gene sequences that
appeared to be PPTases based on annotations. We
find three clades for the dinoflagellates with
members from Clade 2 and 3 being able to activate
an indigoidine-synthesizing non-ribosomal peptide
synthetase BpsA as a reporter.
Materials and Methods
Data collection and construct generation

Transcriptomes of dinoflagellates species used in
this study were assembled using Trinity v2.3.2
from sequences deposited in the Community
Cyberinfrastructure for Advanced Marine
Microbial Ecology Research and Analysis
(CAMERA) database as described in (Janouškovec
et al., 2017). Amphidinium carterae (Hulbert 1957)
was used as the representative species among
“core” dinoflagellates because it is the most basal
toxin producing species and has a small genome.
Candidate
phosphopantetheinyl
transferases
(PPTases) were retrieved from the A. carterae
transcriptome using annotations from the BLASTX
results against the non-redundant protein database
at the National Center for Biotechnology
Information (NCBI). These three sequences were
then modeled against available crystal structures
for PPTases using the protein homology/analogy
recognition engine (Phyre v2.0) to confirm the
annotation based on conserved structure and
residues from Beld et al. 2014. PPTases from other
dinoflagellates species were retrieved using
reciprocal TBLASTX against the assembled
transcriptomes with each of the A. carterae
sequences as query. A reciprocal approach was
used to minimize spurious sequences whereby the
subject sequence of each search was used as a
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query and was kept only if it produced the original
query sequence as the top BLAST hit in its own
search. Outgroup sequences were obtained from
NCBI’s Genbank from Homo sapiens and several
other fungi and bacteria known to produce
secondary metabolites via polyketide synthases.
All sequences from selected species that were
annotated as phosphopantetheinyl transferases
were used as candidate sequences in initial
alignments. Trees were constructed from the
resultant alignment using RAxML v8.2.12
(Stamatakis, 2014) with a gamma distribution and
invariant site estimations using the WAG
substitution model. Rapid bootstrapping was
employed with 100 replicates and random seed
11111. Long branches from the resultant tree were
assessed in the alignment and removed if it was
determined that the sequence was truncated or
likely to be a spurious annotation based on
conserved residues. This was done iteratively until
an increase in bootstrap scores was no longer
attainable. To validate function, sequences for the
three PPTases from A. carterae, as well as the PcpS
gene from Pseudomonas aeruginosa (positive
control with documented activation of the reporter
(Finking et al., 2002) were codon optimized for
expression in bacteria and ligated into pET 20b
(Novagen, Madison WI.) with a T7 promoter and a
6X histidine tag by Genscript (Piscataway NJ.).
Inserts were verified by Sanger sequencing. The
BpsA construct was kindly provided by the
Ackerley lab in Wellington New Zealand (Owen et
al., 2011).
Transformation and gene expression
All constructs were independently transformed into
250 µl of JM109 cells for plasmid maintenance by
incubating 250 ng of plasmid with competent cells
on ice, heat shocking the cells at 42° C for 30
seconds, cooling on ice, expression of antibiotic
resistance in SOC medium for 1 hour at 37° C, and
plating on LB agar with appropriate antibiotics.
Constructs were then transformed into BL21(DE3)
competent cells with the pLysS plasmid for protein
expression (Thermo Scientific). Resultant colonies
were picked and grown overnight in LB media with
appropriate antibiotics and subsequently diluted
1:1 with 30% glycerol and frozen at -80° C.
Proteins were expressed by inoculating 10 ml of
LB media with antibiotics from a small scraping of
the frozen stock followed by overnight incubation
at 37° C with shaking at 250 rpm. This culture was
then diluted 1:50 with fresh media and grown for 2
hours to an OD 600 of approximately 0.4. The
temperature was lowered during this growth phase
to 30° C and then lowered again to 25° C prior to
induction to maximize soluble protein expression.

Induction of expression was accomplished with the
addition of 500 µl of 0.1M IPTG and a final
incubation for 3 hours.
Recombinant expression and reporter assay
BL21(DE3) cells with the pLysS plasmid were cotransformed with the BpsA reporter construct and
either one of the PPTase constructs or the PcpS
construct as a positive control. Cells with the BpsA
reporter alone were used as a negative control.
These were grown and protein was expressed as
described under transformation and gene
expression. For endpoint quantification the cells
were removed from the supernatant after 3 hours
by centrifugation at 12,000 x g for 25 minutes at
4°C and the supernatant absorbance at 590 nm was
measured for each culture.
Transcript and Protein abundance
Amphidinium carterae strain NCMA 1314 was
grown axenically in L1 medium without silicate
and with 100 µg/ml carbenicillin, 50 µg/ml
kanamycin, and 50 µg/ml spectinomycin at 20° C
and 14 hours of light at approximately 50 µmol of
photons cm-2 s-1. The culture was split into thirteen
duplicate 25 cm2 vented flasks and a whole flask
was taken at each timepoint over a 12-hour period.
Starting at 6 hours before lights out a sample was
taken every two hours until 2 hours before lights
out, after which a sample was taken every 30
minutes until two hours after lights out returning to
a sample every two hours. Each sample was split
into two 50 ml tubes and centrifuged at 1000 x g
for 10 minutes to collect the cells. One half of each
sample was suspended in 2x SDS PAGE loading
buffer (80mM Tris pH 6.7, 2% sodium-dodecyl
sulfate, 10% glycerol, 1mM dithiothreitol, and 6
ppm bromophenol blue) while the other half was
suspended in Tri-Reagent (Sigma T9424). RNA
was extracted from the Tri-Reagent fraction
according to the manufacturer and cDNA was
generated from 1 µg of total RNA using random
primers (Invitrogen 48190011) and Superscript II
(Invitrogen 18064-022) according to the
manufacturer’s directions. Relative quantification
of transcripts was determined using the primers in
Table 1 and primers for rpl7 (Jones et al., 2015) as
a normalizing control at 500 nmol and the iTaq
Supermix with ROX (Bio-Rad 1725121) according
to the manufacturer’s directions with the following
thermal cycling parameters in an Applied
Biosystems 7500 Fast Real Time PCR machine:
Initial denaturation at 95° C for 2 minutes followed
by forty cycles of denaturation at 95° C for 15
seconds and annealing and extension at 60° C for
30 seconds. Data was acquired during the
annealing and extension stage and the reaction was
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followed by a melt curve to test for spurious
products. The resultant cycle thresholds (Cts) were
subtracted from a common zero template value of
35 cycles to give inverse Cts for visualization.
Protein abundance was determined by western
blotting using antibodies generated by Genscript
made from the epitopes listed in Table 1. For each
Clade of PPTase, 15 µl of each timepoint in 2x SDS
PAGE sample buffer were loaded onto a 4-12%
Bis-Tris gel (Novex NP-0323) and run in MOPS
buffer at a constant voltage of 165 for 50 minutes.
Peptides used to generate the antibodies for each
other PPTase were also loaded as a negative
control. The gel was transferred onto a PVDF
membrane using a Bio-Rad Trans-Blot Turbo using
the high molecular weight transfer protocol
according to the manufacturer’s directions. The
blot was probed using the Novex iBind Western
system with a 1:400 dilution of the 1° antibody and
a 1:400 dilution of the goat-anti rabbit HRP
conjugated 2° antibody according to the
manufacturer’s protocol. The probed blot was
exposed to the Bio-Rad Clarity Western ECL
substrates for 5 minutes and imaged using a BioRad ChemiDoc Touch imaging system with
optimal exposure. Band density was determined
using Image Lab software (Bio-Rad v5.2.1) and
transformed into a relative abundance within the
timecourse of each PPTase Clade.

Table 1. Forward and Reverse primer
sequences given as “F Primer” and “R Primer”,
respectively used to amplify PPTase cDNA.
Also shown is the epitope used to generate
rabbit antibodies specific to each of the
PPTases from A. carterae.

Results and Discussion
A
final
alignment
was
made
of
phosphopantetheinyl transferases from 38 species
of dinoflagellates among 45 transcriptomes
including three transcriptomes from co-infections
of a core dinoflagellate and a dinoflagellate
parasite of the genus Amoebophyra, and the nonphotosynthetic species Oxhyrris marina, Noctiluca
scintillans,
and
Crypthecodinium
cohnii.
Dinoflagellate sequences coded for a predicted
helical and sheet secondary structure described as
a hallmark of PPTase amino acid sequences (Beld
et al., 2014). Non-dinoflaegllate sequences
annotated as PPTases included Chlamydomonas

eustigma (2 sequences), Chlamydomonas
reinhardtii (1 sequence), Homo sapiens (1
sequence), Phellinus noxius (3 sequences), Sterium
hirsutum
(4
sequences),
Punctularia
strigosozonata (2 sequences), Streptomyces
venezuelae (11 sequences), Streptomyces lividans
(7 sequences), Streptomyces laurentii (1 sequence),
and the species from which the BpsA gene used in
the reporter construct was isolated Streptomyces
lavendulae (12 sequences). The total alignment
length was 976 characters including gaps. The
resultant tree (Fig. 1) placed all dinoflagellate
sequences (excluding Oxhyrris marina placed in its
own clade) outside of all other clades with 68%
bootstrap support.

Fig. 1. Phylogeny of phosphopantetheinyl transferases
using the WAG substitution model, an estimation of
invariant sites, and a gamma distribution of substitution
rates. Clades are collapsed with the length of the
triangle indicating the number of sequences (including
duplicates from multiple repository depositions) within
a clade. The scale bar shows the branch length for two
substitutions. Other collapsed clades are labeled with
the most common source group.

Within the dinoflagellates there were three clades
with poor bootstrap support. These were named
Clade 1 (Amphidinium carterae sequence
comp10839_c0_seq1, 24% bootstrap support),
Clade 2 (Amphidinium carterae sequence
comp29939_c0_seq1, 52% bootstrap support), and
Clade 3 (Amphidinium carterae sequence
comp25404_c0_seq1, 32% bootstrap support).
Using each of the representative sequences from A.
carterae as a query in a BLAST search of
dinoflagellate transcriptomes resulted in the
retrieval of most if not all of each species’ PPTase
sequences, indicating that the low booststrap
support is due to high sequence similarity among
the PPTase clades. Removal of the dinoflagellates
lowered the bootstrap support for most outgroup
clades except for the three Chlamydomonas
sequences that approximately doubled their
bootstrap support (tree not shown). Dinoflagellate
Clade 3 PPTases contained all species examined
while Clade 2 and 1 contained 30 and 27,
178

respectively. All species contained at least two
PPTase isoforms with the exception of
Protoceratium reticulatum that only contained a
Clade 3 sequence despite a robust transcriptome.
O. marina also only appears to have one PPTase
that was placed outside of all dinoflagellate clades.
For A. carterae PPTases, sequence comparision
found 85 conserved residues with pairwise
similarities of 39.1%, 37.7% and 45.4% for Clade
1 versus 2, Clade 1 versus 3 and Clade 2 versus 3,
respectively.

Chemiluminescence values have been normalized to
the relative abundance within the time course for each
of the three PPTases. PPT1 and 2 appear to have
similar expression patterns across all timepoints while
PPT 3 is absent during the day. Also, the protein
abundance does not correlate with transcript abundance
for any PPTase.

To test the ability of each PPTase to perform
secondary metabolite synthesis, we co-expressed
each A. carterae PPtase with the indigoidinesynthesizing non-ribosomal peptide synthetase
BpsA as a reporter for PPTase activity (Owen et
al., 2011). BpsA catalyses the conversion of two
molecules of L-glutamine into indigoidine, a
pigment that can be readily detected either in vivo
or in vitro owing to its strong absorbance at 590
nm(Takahashi et al., 2007). As evident in Figure
2A, the A, carterae PPtase from Clade 2 and 3 can
phosphopantothenate the reporter BpsA and
produce indigodine. Clade 1 PPtase appears to not
activate the BpsA reporter despite having the
highest transcript abundance (Fig. 2B). Also, the
variance in Clade 2 reporter activation is quite
high. This may be linked to the empirical
observation of inclusion bodies during expression
relative to the other Clades indicating a possibly
undescribed interacting partner or stabilizing
element in-situ. Protein expression (Fig. 2C) varies
throughout the timecourse with Clade 1 and 2
PPTases showing similar expression patterns
relative to the Clade 3 PPTase that is absent during
the dark phase. It is unclear based on the expression
data which of the three PPTases in A. carterae is
responsible for lipid synthesis via the
phosphopantetheination of the acyl carrier protein,
but at least one PPTase is required for lipid
synthesis. Protoceratium reticulatum only has the
Clade 3 copy giving rise to the possibility that this
PPTase could be involved in lipid and toxin
synthesis if the functionality is conserved across
species.
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Abstract
One of the tenets for life on earth is that it obeys Chargaff's rules which states that DNA from any cell of all
organisms should have a 1:1 ratio (base Pair Rule) of pyrimidine and purine bases and, more specifically, that
the amount of guanine should be equal to cytosine and the amount of adenine should be equal to thymine. A
major group of primitive eurkaryotes, the dinoflagellates, uniformly break this rule. On average for all core
dinoflagellate genera, 40.4±13.1 % (Willams and Place, 2012) of thymine bases are modified to 5hydroxymethyluracil (5-hmU) in genomic DNA. We present data here showing the modified base exists in the
nucleotide pools, both ribose and deoxyribose pools. During DNA replication 5-hmdU appears to be randomly
inserted in genomic DNA. In addition, another modified base, Base J, which is β-D-glucopyranosyloxymethyluracil, is found in most of the dinoflagellates we examined, except for two species of Pyrocysitis.
Keywords: PPtase, fatty acids, polyketides, phylogenetics, dinoflagellates
Introduction
When Peter Rae (Rae, 1973) set out to described
the ribosomal gene arrangement in the
dinoflagellate Crypthecondium cohnii he noticed a
large discrepancy between the GC content as
determined by buoyant density versus the Tm of
the melting curve for the isolated DNA. He was
able to explain this discrepancy when he found the
thymidines were being extensively replaced by the
modified based 5-hydroxylmethyluracil (hmdU).
This base has the effect of raising the density and
lowering the thermal stability (~4° lower than T) of
the DNA. Recent work has shown it does not
interfere with the activity of restriction
endonucleases, ligases and DNA methylases. An
NMR spectroscopy-based study demonstrated that
5-hmU:A base pair is intrahelical, paired in
accordance with Watson-Crick geometry, does not
alter overall conformation of DNA but enhances

DNA flexibility and can enhance or inhibit
promoter function with bacterial RNA polymerase.
He went on to show this replacement was a natural

feature of all dinoflagellates he examined (Rae,
1976). Rae further proposed four possibilities for
this replacement: (a) hmdU is involved in
chromosome structure; (b) hmdU is involved in a
modification- restriction system; (c) hmdU in DNA
is required for nuclear metabolism in
dinoflagellates; and (d) hmdU in DNA is a vestige,
and it performs no contemporary role. Based
largely on the ability of Tetrahymena pyriformis to
incorporate large quantities of hmdU with no
apparent effects he concluded that “We believe that
we are thus left with the consideration that hmDu
in dinoflagellate DNA represents a neutral vestige
of a mechanism that operated in earlier times”. We
extended these pioneering studies by examining the
hmdU content of DNA from sister taxa believed to
be basal to the dinoflagellates. The replacement of
thymidine by hmdU appears to be restricted to the
species with a nuclear organization lacking
nucleosomes e.g. a dinokaryon.
Accordingly, we re-examined the genomic DNA
from members of various dinoflagellate genera and
found that between 10 and 60% of the thymine
bases were substituted by 5-hydroxymethyluracil
(Williams and Place, 2012). We also observed
elevated levels of 5 methyl cytosine. When we
examined sister taxa to the dinoflagellates we did
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not find this modified base. This included DNA
from Perkinsus marinus, Oxyrrhis marina,
Hematodinium atlanticus, and three species of
Amoebophrya (Amoebophyra ex sanguinem,
Amoebophyra ex instriatum, Amoebophyra ex K.
veneficum). The replacement of the normal
thymine base by 5-hydroxy-methyluracil appears
to be a prerequisite for the dinokaryon character to

be manifested.
Another modified base, Base J (shown above), is
found in trypansomes, which are closely related to
dinoflagellates. As opposed to most eukaryotes,
transcription in trypanosomes (and all kinetoplastids) is primarily polycistronic, with long
arrays of genes assembled into a PTU
(polycistronic transcriptional unit). Genes within
one PTU are transcribed from the same strand.
Adjacent PTUs can be either transcribed from
opposing DNA strands (divergent or convergent),
or from the same strand and organized in a headto-tail fashion. All mRNAs corresponding to a PTU
are processed post-transcriptionally by a splicing
reaction, which adds a 39-nt leader to the 5’-end of
every mRNA, and polyadenylation of the 3’-end of
the mRNA. This is very reminiscent of
transcription in dinoflagellates. The poly-cistronic
nature of Pol II transcription indicates the
importance of post- transcriptional regulatory
mechanisms of gene expression, including RNA
processing and protein translation. In fact, most, if
not all, gene expression in these two groups of
organisms is thought to occur at the level of RNA
processing, stability and degradation. This finding
may have direct implications for a strictly posttranscriptional model of regulated gene expression
in kinetoplastids and dinoflagellates.
In our current work, we determined whether hmU
is found in the ribonucleotide and/or
deoxyribonucleotide pools. We also examine the
relationship between hmdU and Base J in a variety
of protists.

Materials and Methods
To prepare nucleotides from genomic DNA,
approximately 106 cells was resuspended in DNA
extraction buffer (500μl of 0.1M EDTA pH 8.0,
0.5% SDS) which was supplemented with
proteinase K to 200 μg/ml to extract bulk DNA.
Samples were incubated overnight at 55°C in a
hybridization oven. 82.5μl each of 5M NaCl and
pre-warmed 10% CTAB, 0.7M NaCl was added
and the samples were further incubated at 55°C for
10 minutes to remove polysaccharides. Samples
were extracted with one volume of chloroform for
15 minutes to remove excess detergents and spun
at 10,000 x g for 10 minutes. The supernatant was
transferred to a fresh tube and two volumes of
Zymo DNA binding buffer was added and mixed
by inversion. Samples were bound to a Zymo clean
and concentrate-5 column for one minute at 10,000
x g and the effluent was discarded. The column was
washed twice with ethanol combined washing
buffer for one minute at 10,000 x g discarding the
effluent at each wash. Ten μl of DEPC treated
water was added to the column and incubated at
room temperature for five minutes. The unbound
DNA was washed from the column at 10,000 x g
for two minutes and quantified using a Nanodrop
ND -1000 spectrophotometer. Samples with an OD
260/280 of less than 1.6 were further treated with 2
volumes of 4M urea, 3M guanidine thiocyanate,
1% Tween 20, 50mM tris pH 8.0, 20mM EDTA at
60°C for 3 hours and repurified on a Zymo column
to remove contaminating proteins and other nonnucleic acid organic molecules. Samples were
diluted to 100ng/μl and 10μl were heat denatured
at 95°C for five minutes and snap cooled on ice.
10μl of 40mM MgCl2, 2mM ZnSO4, 1mg/ml
nuclease P1 (>200U) pH adjusted to 6.6 was added
and mixed by inversion. Nucleic acids were
digested for one hour at 55°C in an MJ thermal
cycler with heated lid. Ten μl of 2.4U/ml E. coli
alkaline phosphatase was added and mixed by
inversion. Nucleotides were dephosphorylated for
one hour at 37°C.
For quantification of nucleoside pools,
approximately 106 cells of A. carterae (CCMP
1314) were suspended in 10mM Tris pH 8.0 and
10mM magnesium sulfate. Cells were lysed using
a Barocycler (Pressure Biosciences, Easton MA.)
with 25 cycles of high pressure at 34,000 PSI for
20 seconds, pressure release for 15 seconds, and a
lag period of 10 seconds. The lysed suspension was
centrifuged at 12,000 x g for 60 minutes at 4° C.
The supernatant was transferred to a new tube and
10U of shrimp alkaline phosphatase was added.
Nucleotides were dephosphorylated at 37° C for
one hour. High molecular weight nucleic acids and
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proteins were removed by centrifugation at
190,000 x g for 44 hours at 4° C. The supernatant
was passed through a 3 kDa Amicon Ultracel
centrifugal filter at 10,000 x g for 10 minutes. This
was repeated until all the supernatant had passed
through the filter. Free nucleosides were separated
into deoxyribonu-cleotides and ribonucleotides
fractions on Affi-Gel boronate (1 x 4 cm column)
equilibrate with 0.1M ammonium bicarbonate (pH
9.5). The deoxyribonucleotides were not retained.
The buffer was switched to 0.1 M ammonium
acetate pH 5.0 to elute the ribonucleotides. After
lyophilization, the samples were analyzed by the
HPLC method described below.
HPLC Separation of nucleosides
Nucleoside compositions were determined by LCUV and LC-MS. Fifteen microliters of the digested
DNAs were injected onto an Agilent Prep C18
column (LiChrosphere 125 mm x 4 mm, 5 mm
bead size RP-18, Agilent; Santa Clara, CA) at 45°C
and subjected to a 0.9 mL/ min isocratic elution
with 0.1 M triethanolamine acetate pH 6.5 using an
Agilent 1100 HPLC (Agilent 1100 LC/MS system;
Agilent, Santa Clara, CA). UV peaks were detected
based on their UV absorbance at 254 and 270 nm.
For the MS analysis, the flow from the HPLC
(0.9mL/ min) was pumped into the MS
electrospray chamber with the addition of 0.1 mL
min of 1 % formic acid in methanol. The MS was
set up for optimal nucleotide/nucleoside ionization
by using a fragmentor voltage of 350 V and a
capillary voltage of 4000 V. At these settings,
doubly charged ions were minimized and the total
ion abundance of the singly charged parent was at
a maximum. Nucleosides standards (adenosine,
cytidine, 2’-deoxyadenosine, 2’-deoxycytidine, 2’deoxyguanosine, 2’-deoxythymidine, guanosine,
uridine, 5-methyl deoxycytidine, and 5-hydroxymethyldeoxyuracil) purchased from Sigma
(Sigma; St Louis, MO) were run under the same
condition for each sample analysis.
Determination of the genomic level of J
To quantify the genomic J levels, we used the antiJ DNA immunoblot assay as described (Van
Leeuwen et al. 1997) on total genomic DNA as
described above. Briefly, serially diluted genomic
DNA was blotted to nitrocellulose and incubated
with anti-J antisera. Bound antibodies were
detected by a secondary goat anti-rabbit antibody
conjugated to HRP and visualized by ECL.
Results and Discussion
As clear from the data presented in Figure 1, 5hydroxylmethyluracil is found in both ribose and
deoxyribose pools of A. carterae. This indicates

DNA polymerase can incorporate hydroxylmethyluracil in genomic DNA. However, we never
found it in any RNA species (data not shown).

Fig. 1. Ribonucleoside and deoxyribonucleo-sides
pools in A. carterae.

The most basal members of the dino-flagellates
that have high levels of thymidine replacement
with hmdU are Hematodinium perezi
and Noctiluca scinitlans, which are the earliest
branching dinoflagellates shown to have definitive
dinokaryons in at least some life stages (Williams
and Place, 2012). One of the most striking features
of the dinokaryon is the lack of histones as the
dominant nucleoprotein. This highly basic protein
binds to the electronegative phosphate backbone of
the DNA strand that wraps around the protein
providing tertiary structure. The orientation of the
phosphate of hmdU is altered, however, and may
be stericly incompatible with histones (Vu et al.
1999; Sobell et al. 1976). Also, a recent study has
shown that histones, as the major nucleoprotein,
have been replaced in dinokaryon containing
species by a virally derived nucleoprotein called
dinoflagellate / viral nucleoprotein (DVNP)
(Gornik et al. 2012). Thus, it is proposed here that
the dinokaryon is a result of the acquisition of a
DVNP which allowed for the proliferation of
hmdU in the chromosomes and a rejection of
histone binding, thereby altering the threedimensional conformation of the chromosome to a
liquid crystal state. However, it cannot be
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overstated that dinoflagellates still possess and
express histones and that Rae found 10% of DNA
in Crypthocodinium cohnii to be without hmdU.
Therefore, some regions of the chromosomes of
dinokaryon containing dinoflagellates probably
still retain some traditional chromatin structure.
Concerning Base J (Figure 2) we find it at different
levels in the genomic DNA from single cell
organisms with and without a dinokaryon.
Surprisely, Oxyrrhis marina exhibited the highest
levels. Hence, Base J is not correlated with the
dinokaryon. Base J had been previously described
in Euglena gracilis (Doijes et al. 2000).
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Abstract
Mass mortalities of fish caused by harmful algal blooms (HABs) remains a serious problem affecting Japanese
fish farming. To avoid fish kills caused by red tides, finfish farmers relocate aquaculture rafts to lower HAB
sites and stop feeds. Finfish farmers are thus eager to obtain real-time spatial information on red tide occurrence
so that they can plan the relocation of rafts and the exact times for stopping feeds.
Considering farmers’ requests, municipalities in each prefecture and local fish farming organizations
investigate the fluctuations in HAB species and release the results to finfish farmers. In general, field surveys
of areas with red tide occurrence are conducted in the morning, and finfish farmers are alerted in the early
evening or at night. Moreover, there is a further time lag in obtaining information from other water surveys
conducted by different organizations. To eliminate this information delay, we develop a quasi-real-time HAB
alert system that allows fish farmers to use information published in various places. In particular, we develop
a geographic information system (GIS) where users can input data such as sampling points (latitude and
longitude), species name, and cell density of phytoplankton; spatial species-specific distributions of HABs are
generated by the system and automatically displayed on a website in real time. In this report, we introduce this
information sharing system and provide some case examples.
Keywords: HAB, red tide, GIS, ICT, information sharing, Ariake Bay, Yatsushiro Bay
Introduction
Harmful algal blooms (HABs) frequently occurred
in Japan during the 1970s due to eutrophication
accompanying high economic growth. The
resulting damages to fish farms in the Seto Inland
Sea resulted in serious social problems. Under such
circumstances, the Interim Law for the
Conservation of the Environment of the Seto
Inland Sea was enacted in 1973. The number of red
tides occurring in this area decreased to one-third
of its maximum annual frequency (Honjo, 2015;
Tada et al., 2014). However, serious fishery
damages caused by HABs are still frequent in other
coastal areas such as in the coast of the Bungo
Channel and the western waters of Kyushu Island
(Furukawa and Ura, 2017; Honjo, 2015). In
particular, the number and duration of red tides
have increased in the last two decades in the Ariake
and Yatsushiro Bays, which are located in the

western coast of Kyushu, Japan (Hashimoto et al.,
2005; Sonoda et al., 2008).
Thus far, various techniques have been developed
to minimize damage caused by HABs; for example,
relocation of aquaculture rafts to lower HAB sites,
stopping feeds, and dispersion of cray (Honjo,
2015;
Shirota,
1989).
However,
these
countermeasures and associated preparations
interfere with normal aquaculture work and
fattening of cultured fish. Therefore, finfish
farmers do not want to take these measures until an
HAB crisis approaches; they require spatial
information on red tide occurrence on a day-to-day
basis, to judge the necessity of these measures.
In Japan, municipalities in each prefecture and
local fish-farming organizations investigate
fluctuations in HAB species and release the results
to finfish farmers via fax and through each
institutions’ website; information for a small area
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is often unclear, and information that summarizes
a wide range of HAB distribution is lacking. Field
surveys of areas with red tide occurrences are held
in the morning, and finfish farmers are alerted early
evening or at night. Moreover, because each
prefecture and local organization prioritize
information provision to fishermen within their
prefectural and/or local boundaries, there is a
further time lag in obtaining information from
other water surveys. Therefore, many finfish
farmers strongly request the development of an
information-sharing framework across prefectural
and/or local boundaries. Considering this situation,
we developed a quasi-real-time HAB alert system
that
utilizes
current
information
and
communication technologies to allow fish farmers
access to information published in various places.
In this paper, we introduce an information sharing
system and report its actual use in the Ariake and
Yatsushiro Bays.
On the one hand, the Ariake Bay is the main area
for laver seaweed farming in Japan, and fish
farming is not conducted here. On the other hand,
fish farming (e.g. red sea bream and yellowtail) is
actively carried out in Yatsushiro Bay. Therefore,
fish farms in Yatsushiro Bay are damaged by
HABs in summer (Chattonella spp., Karenia
mikimotoi, and Cochlodinium polykrikoides). In
2000, C. polykrikoides bloom caused damages of
about 4.0 billion yen (Kim et al., 2004);
Chattonella antiqua bloom caused damages of 2.9
and 5.3 billion yen in 2009 and 2010, respectively
(Onitsuka et al., 2011).

download the provided template. Then, the user
enters the investigation location (longitude and
latitude), sampling date, time, and depth, and
parameters such as water temperature, salinity,
turbidity, and phytoplankton information (species
and density) as per the investigation. Finally, the
user can upload the completed template on the data
server.

Fig. 1. Location of the study site.

Display of registration data
Using GIS techniques, data collected in the server
can be displayed spatially on the website. The
distribution of HAB species is presented as shown
in Fig. 2. The user can view a specific distribution
by selecting the species of phytoplankton and the
investigation date or period.

Materials and Methods
Study site
The developed information-sharing system can be
applied to all global water bodies. However, to
demonstrate how the system works, we report on
the use of this system in the Ariake and Yatsushiro
Bays (Fig. 1). The Ariake and Yatsushiro Bays are
surrounded by four (Nagasaki, Saga, Fukuoka, and
Kumamoto) and two (Kumamoto and Kagoshima)
prefectures, respectively. Further, they are
connected by the Misumi and Ōto Straits.
Input method of investigation data
The information-sharing system was first
developed in 2012 and has been improved every
year. This system does not require special software,
and it can be operated using a commercial web
browser and Microsoft Excel. To input data, the
user has to first access the system website (refer to
the URL shown at the end of the text) and

Fig. 2. Website interface of our information sharing
system.

Results and Discussion
The red tide outbreak pattern in Ariake and
Yatsushiro Bays is as follows: (i) a massive red tide
occurs in the inner part of Ariake Bay; (ii) it
spreads throughout the bay; (iii) a small part of the
red tide flows into Yatsushiro Bay through the
Misumi and/or Ōto Straits; (iv) the red tide
seawater flowing from Ariake Bay introduces a
seed population of harmful algae that begins to
grow in the northern part of Yatsushiro Bay; and
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(v) finally, Yatsushiro Bay encounters an outbreak
of massive red tide.
Based on this outbreak pattern, it is important to
predict the timing of red tide occurrence in
Yatsushiro Bay. Two pieces of information are
important to make an accurate prediction: (i) the
time when a small part of the red tide of Ariake Bay
starts flowing into Yatsushiro Bay and (ii)
confirmation that the seed population is growing in
the northern part of Yatsushiro Bay. Based on these
two points, finfish farmers can browse HAB
distribution information from our system. They can
then predict the timing of the occurrence of red tide
near their own rafts based on their own experience
combined with other factors such as tidal currents
and weather information. They can then plan
measures to reduce red tide damages. Actual
distribution information data from our system are
shown in Figs. 3 and 4. On July 23, 2018, high-cell
density (over 1,000 cells/mL) of Chattonella spp.
was confirmed in the western part of Ariake Bay
(Fig. 3). A massive red tide of this species was
observed throughout Ariake Bay by July 31;
however, it was hardly observed in Yatsushiro Bay
in July (Fig. 3). In Yatsushiro Bay, Chattonella
spp. could only be detected from concentrated
seawater samples (˂ 1 cell/mL); however, this
species was observed in non-concentrated seawater
(≥ 1 cell/mL) at many investigation points on
August 7; this implied the seed population was
growing (Fig. 4). After August 16, the red tide of
Chattonella spp. occurred extensively in
Yatsushiro Bay, even when there were few
investigation points which observed algal density ≥
100 cells/mL (Fig. 4). Our information sharing
system makes it possible to visually grasp a wide
range of information (e.g. information that exceeds
prefectural boundaries). Finfish farmers can
browse the information-sharing system several
times in a day during the unsafe period of red tide
occurrence as the information automatically update
when someone registers new data. Furthermore, a
more detailed and large-scale information sharing
system can be achieved with an increase in the
number of users who contribute data into the
database. To date, registrations to the database are
conducted not only by public organizations (local
governmental institutions and universities) but also
by finfish farmers (Furukawa and Ura, 2017). The
drop in the fishery damages caused by red tides in
Ariake and Yatsushiro Bays in 2018 can be
attributed to the use of our sharing system
combined with better awareness and active
participation of farmers.

Our immediate goal is to make this sharing system
more versatile for predicting red tide occurrence by
including modelling parameters such as tidal
currents and weather information.

Fig. 3. Transition of Chattonella spp. distribution in
Ariake and Yatsushiro Bays, Japan in July 2018.
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Abstract
A contract for clams and a shipping receipt to the US Army’s Biological Warfare Laboratories at Ft. Detrick,
Maryland were found during a data rescue mission of hundreds of mouse bioassay records related to paralytic
shellfish poisoning projects conducted near Ketchikan Alaska (1947-1958). These records raised a question
about whether Alaskan clams were the source of saxitoxin used by the United States Central Intelligence
Agency in their search to find a replacement for the standard cyanide L-pill issued to agents in hazardous
situations? Yes, saxitoxin from these clams appears to have been used, at least, on one occasion. Francis Gary
Powers, a U-2 pilot, carried a saxitoxin-filled, grooved needle inside a silver dollar when he departed on an illfated surveillance flight across Russia, 1 May 1960.
Keywords: Select Agent List, Patriot Act, poison pin, cyanide L-pill, U-2, Church Senate Committee Hearings
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In November 1940, the Fishery Products
Laboratory was established in Ketchikan Alaska
and by 1943, staff members were tasked with
investigating marine species as emergency food
sources in the event of protein shortages brought
about by World War II. The vast shellfish resources
on the Alaskan coast were recognized and
significant efforts were directed toward shellfish
utilization starting with a clam canning industry in
1943 in southeast Alaska. In the peak year 1946,
15,000 cases of clams worth more than $2 million
USD (converted to 2018 value) were shipped (Fig.
1). Unfortunately, saxitoxin was found in
shipments of butter clams that year by the US Food
and Drug Administration and clam processing in
southeast Alaska was discontinued. Saxitoxin is the
cause of paralytic shellfish poisoning in humans
and marine mammals and can be fatal (Berdalet et
al., 2015).
Extensive surveys of clam beaches and other
studies were undertaken from 1947 through the late
1950s by the Fisheries Products Laboratory in
Ketchikan Alaska (renamed Ketchikan Technolo-

Year
Fig. 1. Cases of hard-shelled clams canned in Alaska
from 1943-1964. Data from Pacific Fisherman
Yearbook (1965) and Neal (1967).

gical Laboratory). After a number of efforts, it was
concluded clams of moderate toxicity were widely
distributed, and beach closures would not be a
reasonable management option (Magnusson and
Carlson, 1951, Neal 1967). In 1971 the Ketchikan
Laboratory was closed, and personnel and
equipment were relocated to a newly constructed
facility at Kodiak Alaska. Nearly 3,500 records of
mouse bioassays and associated data from work
completed at the Ketchikan Laboratory were
archived and forgotten until 2013-2014 when

Ph. Hess [Ed]. 2020. Harmful Algae 2018 – from ecosystems to socioecosystems. Proceedings of the 18th Intl. Conf. on Harmful
Algae. Nantes, International Society for the Study of Harmful Algae. 214 pages. ISBN: 978-87-990827-7-3.

191

rumours about “lost Paralytic Shellfish Poisoning”
(PSP) data began to circulate. In the summer of
2014 multiple lab notebooks were scanned along
with PSP data from studies conducted from 19471958 to preserve these records. Among the data
were a 1952 contract for clams and a shipping
receipt to the US Army’s Biological Warfare
Laboratories at Camp Detrick (later renamed Ft.
Detrick) Maryland. This finding triggered a
detective journey through Cold War history to
determine if saxitoxin from Alaskan clams had
been used in a poison pill for espionage agents.
“A major early requirement of the Agency [Central
Intelligence Agency] was to find a replacement for
the standard cyanide L-pill issued to agents in
hazardous situations during WW II. This was the
basis on which eventually we discovered the
shellfish toxin.”
Intelligence Activities Senate Resolution 21, 1975
Results and Discussion
Much of the evidence for this inquiry came from
the lengthy hearings of the Senate Select
Committee to Study Governmental Operations
with Respect to Intelligence Activities chaired by
Senator Frank Church. These hearing were called
in 1975, in part, to determine if direct orders of the
President of the United States were disobeyed by
employees of the Central Intelligence Agency
(CIA).
On 25 November 1969, President Nixon renounced
the use of biological weapons and ordered disposal
of existing stocks of bacteriological weapons. The
Ft. Detrick program would remain, but only for
research into biowarfare defences. Further, Nixon
requested ratification of the 1925 Geneva Protocol
prohibiting the use of chemical and biological
weapons by the US Senate. Information from the
Church Committee Hearings on the Unauthorized
Storage of Toxic Agents from September 16-18,
1975, revealed activities of the CIA and the US
Army’s Biological Laboratories at Ft. Detrick
regarding retention of a “small” amount (11
grams) of shellfish toxin retained in violation of
President Nixon’s order (Intelligence Activities
Senate Resolution 21, 1975).

After the discovery by the Committee that
saxitoxin from the Ft. Detrick program had not
been destroyed and the CIA’s admission of a secret
stockpile of saxitoxin, saxitoxin was placed on the
Federal Select Agents’ List administered by the US
Centers for Disease Control and Prevention.
Remaining amounts of saxitoxin were distributed
to researchers. The Patriot Act of 2011 has since
modified the amounts of saxitoxin that can be held
or shipped.
“No definitive quantities or amounts are listed in
the law, and the standard will likely be what a
reasonable person with knowledge in the affected
scientific field would consider to be justified.”
The Congressional Hearings not only confirmed
that the US supply of saxitoxin had not destroyed,
they also confirmed how saxitoxin was used.
“A tiny saxitoxin-impregnated needle hidden inside
a fake silver dollar was issued to Francis Gary
Powers, an American U-2 pilot, who was shot
down while flying over the USSR in May 1960.”
Powers did not use the needle and warned his
Russian captors about it (Fig. 2). There was major
international fallout over the downing of the U-2.
Not knowing Gary Powers had been captured alive
and that large parts of the wreckage of the plane
were found intact, the US attempted to cover up the
flight, claiming it was a failed weather observation
mission. This caused the cancellation of a
scheduled Paris Summit planned to lessen tensions
between the US and the USSR (The New York
Times 1960).
In Russia, Gary Powers was tried, convicted of
espionage and sentenced to 10 years in a Soviet
prison. In a spy exchange on 10 February 1962,
Powers was released on the Glienicke Bridge in
Berlin and a spy, known in the US as Rudolph
Able, was returned to the USSR (CIA 2015). The
exchange was the subject of a film “Bridge of
Spies” starring Tom Hanks (Touchstone Pictures
2015). After returning to the US, Powers was
vindicated by the US Armed Services Committee
but never worked for the US government again. He
worked as pilot in California until a fatal crash in
1977.
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Fig. 2. Sheath and pin found wrapped in a newspaper article from the estate of Milton
Frank’s of Fredrick, Maryland (PBS History Detectives, 2005). Photo courtesy of PBS
History Detectives.

It was not until ca 1985, when a small plastic box
filled with tiny drill bits, taps and springs, along
with a newspaper clipping about a pin provided to
Gary Powers, was discovered at the auction of
Milton Frank’s estate in Fredrick Maryland that the
full story of the source of the delivery mechanism
for saxitoxin was clarified. Frank was a machinist
in Special Operations at Ft. Detrick and the
discovery of his grooved pin as a delivery
mechanism for saxitoxin was verified by the Public
Broadcasting Station’s History Detectives
(Episode 1, 2005). Examination of the National
Security Archive at Georgetown University
provided the History Detectives staff with the link
between the CIA and Ft. Detrick’s Special
Operations Department where Milton Frank
worked. The pin Gary Powers carried on 1 May
1960 is reported to be in a Moscow museum
(Powers and Gentry, 1970).
Soviet records report the toxin on the needle
confiscated from Powers upon his arrest was tipped
with curare. However, this is not correct. There was
confusion in early studies on the pharmacology of
shellfish poison and it was likened to curare
(Kellaway 1935). The pharmacology of saxitoxin
was not clarified until the mid-1960s (Evans 1964:
Kao and Nishiyama. 1965).
Francis Gary Powers is the only person known to
have carried a saxitoxin poison pin (Fig. 2). There
is no public record of saxitoxin ever being used to
to intentionally harm anyone. As of September
2018, 182 State Parties, including the US, are
signatories to the United Nations Convention on
the Prohibition of the Development, Production
and Stockpiling of Bacteriological (Biological) and

toxin Weapons (Referred to as the Biological
Weapons Convention, BWC).
As an update on the progress in Alaska, there are
still no State approved shellfish beaches in Alaska.
Since 1973 over 150 outbreaks of PSP have been
reported there but monitoring costs for the
extensive Alaskan coastline still precludes using
beach monitoring and closures as an effective
management strategy for safe shellfish harvesting.
All Alaskan commercial shellfish products are, of
course, tested in accordance with the Interstate
Shellfish
Sanitation
Conference
(http://www.issc.org/2017-nssp-guide-) but no
state-run program routinely tests subsistence and
recreationally harvested shellfish. Community
efforts, grant-funded projects and combined StateCommunity efforts have been initiated to test noncommercially harvested shellfish on a seasonal
basis to address this need. Shellfish testing in
Southwestern Alaska has been conducted since
2006 through support by the Aleutian Pribilof
Islands Association and regional partners; a StateCommunity pilot program was conducted from
2012-2015 in four regions and efforts in Southeast
Alaska to conduct regional testing began in 2017.
These combined efforts and collaborations through
the newly formed Alaska Harmful Algal Bloom
Network (https://aoos.org/alaska-hab-network/)
are promising steps toward addressing safe
shellfish harvesting in Alaska. However, much
work is needed to fully understand harmful algal
bloom ecology in Alaska and provide residents
with responsive and cost-effective tools to monitor
their harvests (Vandersea et al., 2018).
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Abstract
HABs occur naturally, but human activities that disturb ecosystems seem to play a role in their more frequent
occurrence, intensity and spatial extent (Hallegraeff et al., 2004). Increased nutrient loadings and pollution,
food web alterations, non-native species, current modifications and climate change all play a role (NOAA,
2018). Regarding impacted economic activities, HAB events are managed on a crisis basis, leading to closures
of contaminated areas and/or ban commercial products based on in situ monitoring and alert systems.
Developments in remote sensing science can bring a significant added value to existing monitoring systems.
For instance, remote sensing can support the development of an alert system that could result in much faster
response times. To assess to which extent it can mitigate the socio-economic impacts of HABs (monitoring
and management costs, avoided economic losses, risk management by stakeholders), but also to understand
the adaptation dynamics of economic activities to HAB events and the way they are managed, a system
approach has been implemented to describe the HAB socio-ecosystem of the French-administrated part of the
English Channel. It will help to address the intrinsic complexity of HABs and their impacts.
Keywords: marine toxins, system approach, economic impact, French part of English Channel, scallop fishery
Introduction
Economic and human health impacts of HABs
increased over the last decades in relation with
increased nutrient loadings and pollution, food web
alterations,
non-native
species,
current
modifications and climate change. Growth of
economic activities attached to the exploitation of
coastal and marine resources (fisheries,
aquaculture, tourism and recreational activities are
most important ones) have also contributed to
increasing impacts.
At the same time, research and knowledge about
HABs and especially factors that contribute to
HABs, have developed strongly, following the
development of monitoring systems. Still, how
these factors come together to create a bloom of
algae is not well understood (NOAA, 2018). As a
consequence, HAB events are managed on a crisis
basis, leading to administrative closures of
impacted areas to human activities relying on the
use of contaminated resources. Existing monitoring
and systems are often costly, spatially limited and
not very responsive due to time constraints for
toxicological analyses.

Fig. 1. Evolution of non-compliant results of
toxicity/toxin testing over the 3 last decades (1987 –
2017) along the French Channel (data extracted from
REPHYTOX monitoring network).

Remote sensing can thus bring a significant added
value to existing monitoring systems. Using
material from the Copernicus S-3 satellite, the
Interreg France (Channel) England S-3
EUROHAB project is tracking the growth and
spread of HABs in the Channel. These data will
then be used to create a web-based system to alert
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marine managers and fishing industries to the
growth of potentially damaging algal blooms. The
alert system should result in much faster response
times. Data gathered will also help to better
understand why, how and when HABs occur.
Facing HAB complexity, a system approach is
implemented as a holistic and integrated approach
to better assess and map HAB impacts over the
Channel socio-ecosystem and their management, to
address how far the proposed Web based alert
system is able to mitigate these socio-economic
impacts, and how economic activities are able to
adapt to occurrences of HABs. Results will be used
to feed and calibrate a regional economic model
(I/O model) that will quantitatively assess the
socio-economic costs of HABs along the French
part of the English Channel for all potential
affected activities. It will be also later used to
explore scenarios for alternative management and
refine the design of the web-based alert system.
Materials and Methods
Mapping of management processes, activities and
impacts of HABs along the French Channel
An identification of economic activities impacted
by HAB events was implemented in order to better
understand HAB process from a monitoring and
socio-economic point of view. This allows for
mapping a first draft of the HAB system along the
French part of the English Channel.
A DPSIR (Driver, Pressure, State, Impact,
Response) framework was used to help building
and mapping the system. It allows for an
exhaustive and holistic view of HAB issues.
Updates of mapping were made according to
feedbacks
from
participative
stakeholder
workshops and interviews based on a shared and
common view of the HAB system. Stakeholders
were representatives of all potentially affected
users as well as stakeholders in charge of the
management of HAB events.
A system approach to address socioeconomic
dimensions of HABs: beyond the assessments of
impacts
The socio-economic dimensions of HABs go
beyond the assessment of economic impacts. There
is a lack of detailed information on human
activities, especially regarding recreational ones.
There are still ongoing debate and controversy
about methods used for the assessments of
economic impacts (mainly for non-market use).
Sector-based assessments do not take in account
cascade effects to other sectors. There is an
important heterogeneity of individuals and
companies rendering global evaluation complex.

There are different sensibilities to risk exposure
and then different coping capacities and adaptation
strategies. This results in different vulnerability
profiles. There is also the need to take into account
feed-back mechanisms and dynamics through
adaptation strategies (individual and collective
actions) and changes in regulation. To address this
complexity and integrate the different socioeconomic dimensions of HABs, a system approach
is then applied (Bertalanffy 1968, Checkland 1999,
Forrester 1961).
Application of the System Approach to the scallop
fishery in the eastern Channel
The scallop fishery in the eastern Channel is the
most important shellfish fishery in France. It counts
for more than 250 fishing vessels, operating from
October to May (legal fishing season). The annual
production in 2017 was about 22,000 tons for a
turnover of € 70 million. The fishery is strongly
regulated in terms of fishing calendar, production
areas, quotas, fishing trips and a minimum legal
size of catch (11 cm). Due to the occurrences of
HAB events, production areas can be closed
leading to losses in production or additional cost to
reach other remote and open production areas. The
application of the System Approach to the scallop
fishery proceeds with the characterisation of the
monitoring subsystem and its spatial confrontation
to the characterisation of the fishery subsystem
(Figure 2).

HABs
System
REPHY

REPHYTOX

SIH

528,480
lines
53
variables

212,641
lines
56
variables

120 files
Shape

Regulation

Monitoring and
activity data
processing
+
Regulatory
framework

System mapping
• Mapping of management
processes, stakeholders and
activities
• Identification and Mapping of
HABs impacts
• DPSIR model

Spatial Analyse
(GIS)

Fig. 2. Spatial confrontation of scallop fishery to HAB
occurrences and the regulatory framework.

Data used for the spatial analysis are
Phytoplankton cells count per litre and Phycotoxins
concentration in shellfish from the REPHY and
REPHYTOX monitoring networks managed by
Ifremer, and production and value of scallops from
the fisheries information system of Ifremer (SIH).
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Assessment protocol of HAB risks over the fishing
activity
The confrontation of monitoring data to the
regulatory framework leads to the definition and
construction of a protocol to derive a theoretical
number of bans from HAB events integrating all
toxins relevant to scallops. Using the R software,
an algorithm was built to convert the abundance of
toxic phytoplankton into a number of bans and
duration of ban for each production areas (18
production areas). The script relies on a logical
framework integrating regulatory information for
each toxin and exploited species. A calendar of
closures/openings was generated based on the
results of the REPHYTOX monitoring network
analysis. This calendar was then crossed with the
fishing calendar, which is used for resource
management purposes. Results from this crosschecking was finally used to generate the duration
of bans expressed in days (Chenouf et al. 2020).
This was later expressed through an indicator of
loss rate of access days to fishing areas (Figure 3).

The processed loss rate of access days to
production areas was then confronted to the interannual production of scallop per production area to
assess the risk exposure of the scallop fishery to
HAB events. From the superposition of the two
pieces of information a map of exposure to the
HAB risk, based on the previous observation
decade (2008-2017), was produced for each month
of the fishing season (8).
Results and Discussion
The 8 monthly maps of exposure to the HAB risk
form an atlas of HAB risk for the scallop fishery
(Figure 4).

1er octobre
October

Activity data

Number of bans
Monitoring
results from
REPHYTOX

R
Algorithm

Duration of bans

+

Fishing calendar

Rate of bans

Bans and Opening Rules

Spatialisation
QGIS

2 successive non compliant results in
a week interval

Productivity

2 compliant results in a 48H interval
(auto controls)

?

Other/additional rules and regulation

?

Assessment of
potential risks

Algorithm results (R software)
Theoretical number of bans

Fig. 3. Assessment protocol of HAB risks over the
fishing activity

From 1988 to 2017, data used were:
-

the abundance of toxic phytoplankton
the number of alerts (evidence of
phycotoxins impacting scallop species)
the number of non-compliant results
(results above the legal threshold)
the number of bans and duration of bans
per production area obtained from the R
Algorithm.

Fig. 4. Exposure map to the HAB risk for the October
month.

The maps underline a strong exposure risk for the
most important fishing period (from October to
December) when production and prices are the
most important. The potential for a web-based alert
system seems to be quite important for this key
period of the fishing season. The maps could be
provided at a lower time scale, e.g. to assess the risk
on a weekly basis, allowing fishermen to avoid
risky areas. The web-based alert system would
support fishermen by providing them with more
detailed spatial information and almost real-time
information to reduce potential losses of
production due to contaminated areas.
But if threats in terms of HABs are naturally
expressed in terms of negative impacts, the maps
can also underline or question other impacts that
could be positive. First when a HAB event occurs
leading to a ban of one or several production areas,
there are often no real losses of production for
fishermen as they can redeploy their fishing effort
to other production areas as underlined by the
maps. This is particularly true for the eastern
Channel where production areas are numerous
(18). As a number of alternatives, some
neighbouring production areas can remain opened
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and accessible, fishing vessels can also be
polyvalent and switch to other gears and species.
Reallocation of fishing effort over other production
areas following occurrences of HAB events may
then have consequences. Some of them could be
either positive or negative. For instance, the closure
of a production area can act as a biological rest and
support stock dynamics. When the area is reopened
after a long period, catches can also reach a
premium market size with a significant added value
for fishermen. Similarly, a more limited production
due to HAB events can also be balanced by
increasing prices at auctions for a scarce resource.
But at the same time, the reallocation of fishing
effort to other areas can lead to an overexploitation
in these areas and to potential conflicts with other
fishermen. The increase in production due to
alternatives can also lead to decreasing prices.
There could be a balance between negative and
positive impacts of HABs and they may act as a
regulator of the scallop fishery in the eastern
Channel.
There is thus a need to take into account the
dynamics induced by the reallocation of fishing
effort. This would require to work at a daily time
scale and at the fishing vessel unit, to couple bioeconomic models to HAB occurrences in order to
assess the threshold above which HABs act as
regulators or destructors of economic activities.
This potential regulator role of HABs can
significantly impact the support from remote
sensing through the proposed web-based alert
system. Such an alert system can be positive if it
contributes to alleviate the HAB constraints and the
monitoring and control costs: mitigation of bans
and associated costs, optimizing own checks,
storage… But it questions the operational time
scale of the tool (adverse effects for management
purpose) and alleviating HAB constraints could
also contribute to increase the fishing effort over
the stocks.

Approach to HABs is a useful, holistic and shared
representation of HABs, allowing to reveal hidden
impacts of HABs. The definition and construction
of an analysis protocol to translate monitoring and
surveillance data into a risk exposure atlas through
management measures can be replicated to other
species, activities and areas. This a first use of data
from the REPHY/REPHYTOX networks to a
management purpose.
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The HAB system is a complex and dynamic system
with a multivariate risk level. The System
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systems for the
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Abstract
Cyanobacterial blooms frequently disturb the functioning of freshwater ecosystems and their uses, due to the
harmful toxins that cyanobacteria are able to synthesize. Therefore, many countries have implemented
monitoring programs aimed at reducing the risk of human exposure to these toxins. The main limitation is
related to the heterogeneity of the spatial distribution of cyanobacteria. In the vertical dimension, these
organisms can stay in different layers in the water column and in the horizontal scale, the cells may accumulate
in some area of the water body, under the action of winds or currents. In an attempt to improve monitoring,
many research projects have been undertaken in order to develop new tools, like buoys equipped with various
underwater sensors. This tool is highly relevant but it does not allow assessing the horizontal distribution of
cyanobacteria and its cost remains expensive. Moreover, if satellite remote sensing can be considered very
useful for estimating biomass and horizontal distribution of cyanobacteria in a water body, the cost of this
technology and the limited availability of satellites make it unaffordable for routine monitoring. In this context,
our project named OSS-CYANO (Development of optical sensors and drone system for the survey of
cyanobacteria) aims in a first time to develop and validate a new, low-cost aerial sensor. In this goal, we
developed a framework for sensitive and selective estimation of phycocyanin concentration using a set of
reflectance measurements over controlled mixes of phytoplankton cultures. The next part of our work aimed
at developing an inexpensive passive optical sensor to selectively track phycocyanin, and which could be used
for both high-frequency monitoring and drone-based measurements.
Keywords: Cyanobacteria, monitoring, optical sensor, drone system
Introduction
Blooms of cyanobacteria are a growing issue in
inland waters due to eutrophication and to climate
changes (Jöhnk et al. 2008; Pearl and Huisman
2009; Markensten et al. 2010). Adverse effects of
these cyanotoxins on human and animal health
have been described (eg. Kuiper-Goodman et al.
1999, Carmichael et al. 2001, Briand et al. 2003,
Codd et al. 2005). The prevention of these effects
requires frequent monitoring which currently
involves regular field sampling followed by
laboratory analysis, and identification and
enumeration of phytoplankton. The cost-efficiency
of such methods is limited by the spatial and
temporal heterogeneity of cyanobacteria (Porat et
al. 2001, Welker et al. 2003, Cuypers et al. 2011;
Pobel et al. 2011).

Remote-sensing could be a suitable tool to address
this issue, and several methods have been
developed in order to track cyanobacteria-specific
pigments (Li et al. 2015). Semi-empirical remotesensing approaches are particularly promising as
they explicitly tackle the issue of overlaps in
pigments spectral features (Dekker et al. 1991;
Simis et al. 2005). The major drawbacks of these
approaches are that they require expensive
instrumentation, extensive calibration and heavy
computations. Most of the currently used optical
sensors are active sensors (measuring signals
transmitted by the sensor that are reflected,
refracted or scattered by the Earth’s surface), which
are expensive and perform badly in turbid water.
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To answer these issues, the OSS-CYANO project
aimed at developing a framework and inexpensive
sensor for quantitative passive optical detection of
cyanobacteria. The main issues which needed to be
addressed are the following:
- Deriving selective metrics using a limited
number of bands.
- Limiting the effects of environmental
factors in order to provide sensitive
metrics in a wide range of conditions
- Providing an inexpensive and scalable
way to measure the developed metrics.
A framework using mixes of phytoplankton
cultures to derive selective metrics has been
published (Hmimina et al. 2019) and was used to
define a set of 6 spectral bands which could be used
to selectively track concentrations in chlorophylla, phycocyanin and phycoerythrin. This work
focuses on the development and validation of a
sensor platform designed to accurately measure
this spectral information.
Materials and Methods
Evaluation of the stability of optical indices in a
changing light environment
A mesocosm experiment was run from July to
November 2015 at the Foljuif CEREEP-Ecotron
station (Ile-de-France, Equipex Planaqua,StPierre-les-Nemours). Three wave tank mesocosms
(Blottiere et al. 2016) were coated with a fast-cure
black silicon elastomer (Sylgard 170, Dow
Corning, USA, Midland MI) and equipped with a
set of four spectrometers (ASEQ, LR1-T
spectrometer, 300–1000 nm, 0.6 nm resolution,
thermoelectric cooler (TEC) module, Vancouver,
Canada). Each tank was equipped with a nadirlooking spectrometer installed 50 cm above the
water (FOV: 44 degrees, 40 cm diameter). The
fourth spectrometer was equipped with a cosine
corrector (CCSA1, Thorlabs, USA, Newton NJ).
The four spectrometers were synchronized to
acquire data simultaneously, and their integration
time was optimized in order to obtain a constant
signal versus noise ratio. The acquired spectra were
used to derive six 10 nm wide gaussian bands
centered on 450 nm, 515 nm, 610 nm, 676 nm, 696
nm and 750 nm. A phycocyanin index was then
computed as:
𝑃𝐶 =

cyanobacteria culture (Microcystis sp. PMC
816.12) the 26 August. The spectrum of the
mesocosm exhibiting the highest growth as
measured with a BBE Fluoro Probe spectroﬂuorometer
(bbe
Moldaenke
GmbH,
Schwentinental) was computed knowing that this
probe allowed to estimate the cyanobacterial
biomasses (expressed in µg L-1) (e.g. Leboulanger
et al., 2002).
Sensor design and validation
A passive optical sensor was designed to quantify
the reflectance in the previously mentioned bands.
Six 10 nm FWHM optical bandpass filters (Beijing
Bodian Optical Tech, China, Beijing) were placed
within a 4 cm diameter white silicon integrative
sphere, on top of six photodiodes (TEMD5080X01,
Vishay, USA, Malvern PA) whose signals were
amplified (OPA2380, Texas Instruments, USA,
Dallas TX) then converted into digital signals and
stored every second. The gain was continuously
increased following a saw-tooth function using an
adjustable potentiometer (AD5206, Analog
Devices, USA, Norwood MA), and the measured
radiance was computed using the slope between the
gain and resulting signal after calibration in an
integrative sphere.
The sensor PCB was designed using KiCad EDA
(http://www.kicad-pcb.org), the mechanical parts
were
designed
under
OpenScad
EDA
(http://www.openscad.org) and 3D printed. The
optical parts were molded in optical silicon
(Sylgard 184 and MS-2002, Dow Corning, USA,
Midland Mi).
One sensor was installed over a water body in
Champs-sur-Marnes, Ile de France, France in 2017,
along with a BBE Fluoro Probes spectroﬂuorometer (bbe Moldaenke GmbH, Schwentinental).
Results and Discussion
Evaluation of the stability of optical indices in a
changing light environment
The spectrum of the measured reflectance over one
of the mesocosms as a function of the wavelength
is shown in Figure 1.

𝑅610 − 𝑅515
𝑅610 + 𝑅515 − 2 × 𝑅750

Following the Figure 1, with 𝑅𝑥 the reflectance
within the band x.
One mesocosm was kept free of phytoplankton
while the two others were primed with a
201

Period (days)

Sensor design and validation
The resulting sensor and its component are shown
in Figure 3.

Wavelength (nm)
Fig. 1. Power spectral density of reflectance as a
function of wavelength (x axis) and temporal scale
(period in days, y axis).

Lines of high power densities can be seen for low
periods (between 5 min and 1 day), indicating that
the reflectance is sensitive to a high frequency
phenomenon which affects all wavelength, with
varying intensity. This can be explained by angular
effects resulting from the interaction between
waves and the solar angle.

density
spectral
Power
(db) (dB)
intensity
Signal

Figure 2 shows the spectrum of the phycocyanin
index.

Fig. 3. Components and assembled optical sensor.

It was designed as a fully integrated sensor and
datalogger, able to record water reflectance over a
wide range of gain. The final production cost was
lower than 500$ per unit, and it was able to
continuously record series of incident and reflected
radiances in six spectral bands over a range of 256
gain values spanning 5 min each. The use of a gain
versus radiance linear relationship fitted over a
moving window spanning more than 5 min enable
an automatic filtering of high-frequency noise due
to waves ad sudden changes in light environment.
The obtained measurements of the phycocyanin
index were related to cyanobacterial biomasses
estimated by using the BBE-Spectrofluorometer as
shown over the course of 12 days in Figure 4.

Period (days)
Fig. 2. Power spectral density (dB) of the phycocyanin
index as a function of temporal scale (period in days, y
axis).

High spectral densities can be seen for periods
equal and lower than one day, and account for
around one third of the total signal, indicating that
the computation of a normalized optical index does
not suppress the noise due to angular effects. To
answer this issue, the high-frequency noise due to
waves need to be filtered, and the high-frequency
noise due to angular effects need to be addressed
using observations made under comparable light
conditions.

Fig. 4. Relationship between daily average
phycocyanin index measurements and daily average
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phycocyanin concentration derived from BBE
measurement over the course of one of 12 days.

Dekker, A. G., Malthus, T. J., & Seyhan, E.
(1991). IEEE Transactions on Geoscience and
Remote Sensing, 19(1), 89–95.

Significant relationships were obtained, indicating
that the new passive sensor can provide a reliable
estimation of phycocyanin concentration. Future
efforts will focus on testing the sensor suitability
for spatial sampling, and its ability to track
phycocyanin concentration over a wider range of
different aquatic ecosystems.

Hmimina, G., Hulot, F, D., Humbert, J, F.,
Quiblier, C., Tambosco, K., Lemaire, B, J.,
Vinçon-Leite, B., Audebert, L., Soudani, K.
(2019). Water Research, 148, 504-514.
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Abstract
In urban watersheds, anthropogenic activities have major impacts on the ecological quality of water bodies.
The degradation of water quality can result in toxic cyanobacteria blooms, which in turn may cause serious
health risks to people in contact with water, e.g. when doing water sports. Due to the complexity of natural
processes in water bodies, physically-based and spatially distributed models are valuable tools for better
understanding the interactions between variables driving cyanobacteria blooms, as well as for helping
stakeholders determine management strategies. However, traditional in situ measurements are limited by
temporal and spatial resolution to make such numerical models reliable. Continuous in situ measurements
provided by automated high-frequency monitoring can significantly improve adaptive decision-making.
The main objectives of this work were to (i) set up a full-scale experimental site for high-frequency monitoring
of cyanobacteria biomass in an urban lake; (ii) couple the high-frequency measurements and a physicallybased three-dimensional hydro-ecological model for predicting cyanobacteria blooms; (iii) implement a
transfer platform for real-time data management; and (iv) develop a web platform for communicating
information to lake managers, other stakeholders and the public. These steps were conducted in the framework
of the OSS-cyano project, funded by the French Research Agency (ANR). The study site is Lake Champs-surMarne (0.12 km2 surface, 3.5 m maximum depth), located in Greater Paris. The field monitoring includes
measurements of water temperature, dissolved oxygen, chlorophyll-a fluorescence and phycocyanin
fluorescence at 10 min time steps, and regular vertical profiles of temperature and fluorescence of the main
phytoplankton groups. The Delft3D hydrodynamic and ecological modules, Flow and Bloom respectively,
were implemented. Using continuous measurements and short-term meteorological forecast, a predictive
modelling of the cyanobacteria biomass evolution over four days was performed. Simulation results can then
be communicated to the lake manager and the public through a web platform for health risk warning.
Keywords: urban lakes, forecasting, 3D modelling, web platform
Introduction
Urban lakes provide essential ecosystem services.
They are important recreational areas and hotspots
of biodiversity (e.g. Hill et al., 2015). Many urban
lakes can also be considered as key elements in the
drainage network as they retain storm water and
prevent floods and also reduce associated pollutant
loadings (e.g. Hassall and Anderson, 2015). Their
role in the hydrological cycle and the fate of
pollutants in urban watersheds must be better

understood (Birch and McCaskie, 1999). Most
urban lakes react rapidly to external hydrological
and meteorological forcings and are directly
affected by climate change. Efficient monitoring
systems are increasingly required for the
management of lake ecosystems.
High nutrient loads from anthropogenic activities
in the watershed can boost aquatic primary
production. Due to global warming the risk of toxic
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cyanobacteria blooms increases and so do public
health problems (Lürling et al., 2017; O’Neil et al.,
2012). For bathing areas, threshold levels of
cyanobacteria biomass and toxin concentrations
are provided by the European Union bathing water
directive 2006-7 EC or the World Health
Organization (WHO) guidelines which require that
cyanobacteria biomass is monitored to avoid health
risks. The EU directive in each member country is
implemented by monitoring schemes based on
cyanobacteria cell numbers. The regulation
application is hampered by the delay between
water sampling and the availability of the
laboratory results which can take more than one
week. This can lead to wrong decisions: swimming
should have been banned some days earlier or
conversely, the bathing prohibition decided on
before getting the lab results was not necessary. In
this context, the Oss-Cyano project (Development
of optical sensors and drone system for the survey
of cyanobacteria) was instigated with the aim to
develop and validate a low cost, adaptive and
efficient monitoring system of cyanobacteria
blooms. In parallel with the development of a new
aerial sensor (Hmimina et al., 2018), part of the
project was dedicated to cyanobacteria bloom
forecasting, through the coupling of highfrequency ground-truthing measurements to a
physically-based
three-dimensional
hydroecological model. Six public research laboratories
and one private company were involved in this
project, funded by the French Research Agency
(ANR).
During the last decade, specialized sensors that
make it possible to measure in situ proxies of
cyanobacteria
biomass
were
developed.
Nevertheless, operational measuring systems of the
cyanobacteria specific pigment, phycocyanin, are
not widely used and seldom in situ validated with
reference methods. Warning stations using these
sensors are even less common in freshwater
bathing areas. In this paper we present (i) the
design of a high-frequency monitoring of
cyanobacteria biomass in a recreational urban lake;
(ii) the field survey implemented for validating the
real-time monitoring system and the predictive
modelling; (iii) the dataset obtained and the results
of the hydro-ecological model and (iv) the web
platform for communicating information to lake
managers, other stakeholders and the public.
Materials and Methods
Study site
Lake Champs-sur-Marne (48°51’50”N, 2°35’53”E)
is located in the eastern Great Paris area, France. It
is a sand-pit lake fed by the water table from the

nearby Marne River (Fig. 1). The lake is small (12
ha) and shallow (mean depth 2.4 m). It is a
recreational area offering diverse outdoor activities
(bathing, kayaking, sailing). Every summer, more
than 5000 children from the neighbourhood visit
the lake. Toxic cyanobacterial blooms, mainly
Aphanizomenon,
Dolichospermum
and
Microcystis, frequently occur.

Fig. 1 Location of the monitoring sites

High-frequency monitoring system
High frequency measurements (every 10 min) of
physical-chemical variables (water temperature,
conductivity, pH, O2), chlorophyll-a fluorescence
(Chla hereafter), as a proxy of total phytoplankton
biomass, and phycocyanin fluorescence, as a proxy
of cyanobacteria biomass, were performed at three
different sites (P, A and B, Figure 1). At each site,
the continuous monitoring was performed at three
depths for sites A and B and two depths for site P
using a set of different underwater sensors. At sites
A and B two thermal sensors were installed at 0.5
and 2.5 m depths; at site P only at 0.5 m depth. At
the three sites a multi-parameter sensor was located
at 1.5 m depth for measuring water temperature,
pH, conductivity, dissolved oxygen, Chla and
additionally phycocyanin at site B. The detailed
technical characteristics of the sensors are
presented in Tran Khac et al. (2018). At site B the
data were measured at 1.5 m with a multiparameter
probe (nke Sambat) and transmitted by a GPRS
system to an onshore server once a day.
Field sampling
Fortnightly (in summer and autumn) to monthly (in
spring and winter) field profiles were measured for
four years, from mid-2015 to 2018 (75 samplings).
Four phytoplankton groups (green algae, diatoms,
cryptophytes and cyanobacteria) were measured
with a spectrofluorimetric probe (BBE
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Fluoroprobe), temperature, conductivity, dissolved
oxygen and pH with a multi-parameter probe
(Seabird SBE19). Laboratory analysis of Chla and
phycocyanin were done in 2017 and 2018 (20
campaigns).
The model
Within the three-dimensional modelling suite
Delft3D (Deltares, 2019) Flow and Bloom
modules were used to simulate the hydrodynamics
and the chlorophyll concentration used as a proxy
of the total phytoplankton biomass, possibly
including cyanobacteria. The physical domain
features 801 cells (10 m x 10 m), in 12 horizontal
layers (0.35 m thick) on the vertical axis. The k-ε
turbulence closure model was used. The ecological
module included 4 classes of phytoplankton: green
algae, diatoms, flagellates and cyanobacteria.
Results and Discussion
Design of the warning system
The monitoring and warning systems were
respectively based on the on-line measurements of
water temperature, Chla and phycocyanin
fluorescence collected at 1.5 m depth at site B and
on the predictive modelling of cyanobacteria
biomass during the 3 following days (Fig. ). The
data were validated through an automated script
chain and stored in an onshore database (Tran Khac
et al., 2018). In parallel a three-day progressive
weather forecast was also provided to the database.
On the one hand, the data were displayed for a
visual assessment and on the other hand, they
supplied the model initial concentrations of Chla
and cyanobacteria. The model provides a space and
time prediction of water temperature, Chla and
cyanobacteria concentrations, in particular in the
region of interest, the bathing area near site P
(Figure 1).
Validation of the real-time monitoring data
It was necessary to assess the reliability of the
realtime data of Chla and phycocyanin at site B
before using them in the warning system. For doing
this, the continuous measurements at 1.5 m depth
at site B were compared to the measurements of the
same variables at the other sites A and P and at
other depths, with different sensors and with lab
analysis. The automatic correction and validation
algorithms were based on the comparative analysis
of these data.

Fig. 2. Monitoring and warning system design

Modelling results
Hydrodynamics - The performance of the
hydrodynamic model was first assessed. Beyond
water temperature, the hydrodynamic model
provides the biological module with the alternation
of stratification and mixing of the water column,
which drives the water motion and has a strong
impact on cyanobacteria growth and transport.
Delft3D-Flow was calibrated with a dataset
collected in July 2015 and validated against the
2016 data. The hourly simulated and observed
temperature at the measuring sites (0.5, 1.5 and
2.5 m depth) for the years 2016, 2017 and 2018
were compared. The agreement between modelling
results and data, assessed through the Root Mean
Square Error (RMSE) value (0.8°C) can be
considered excellent and comparable to modelling
results obtained in a neighbour shallow urban lake
(Soulignac et al., 2017). The hydrodynamic model
is able to satisfactorily simulate the changing
hydrodynamics in Lake Champs and its impact on
cyanobacteria biomass.
Cyanobacteria biomass – The biologial module
Delft3D-Bloom was then calibrated with a dataset
collected for two weeks in July 2015. The results
of a simulation performed over another 2 week
period in 2018 (July 25th to August 8th) are
presented on Figure 3. This period featured a
sequence of thermal stratification of the water
column (25th to 28th July), a mixing period from
29th to 31st July and a new stratification period from
August 1st. The biological model was able to
capture the timing and intensity of the observed
Chla peak on July 29th (Figure 3). However, the
simulated Chla concentration was overestimated,
reaching a peak on July 31th. The following
decreasing trend was then correctly represented.
The cyanobacteria biomass also slightly increased
until July 29th and then remained at this level. The
model was able to simulate the cyanobacteria
dynamics.
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Fig. 3. Simulated and observed total and cyanobacteria
chlorophyll (site B Jul-Aug 2018)

On-line warning system
The monitoring data and short-term predictive
chain were embedded in a prototype of the warning
system. An example of the short-term forecast (0105/08/2018) is displayed in Fig. . The predictive
results can be afterwards compared with the
measured concentrations in order to check the
validity of the forecast. In this case, the model
forecast was close to the lower threshold of
chlorophyll concentration in recreational waters
considered as a moderate health risk level by the
WHO (Chorus et al., 2000). This forecast, based on
predicted chlorophyll concentration, would have
drawn a moderate attention at the development of
cyanobacteria. The lake managers would not need
to collect samples for species identification and
toxin analysis.

Fig. 5. Website page of the short-term forecast
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Abstract
As part of the preparation of a Global Harmful Algal Blooms Status Report, and to complete missing event
data for the Australasian region, New Zealand harmful algal bloom (HAB) events with negative impacts on
human society up to April 2018 were added to the IOC-ICES Harmful Algae Event Database (HAEDAT). The
New Zealand occurrences of toxic microalgae species appearing on the reference list of IOC-UNESCO have
also been catalogued. The similarities and differences of HAB events and species between Australia and New
Zealand are reported and potential key factors that could explain highlighted to demonstrate the observed
differences are suggested. The first referenced HAB event in New Zealand was a 'slime event ' in the 1860s.
Since then, many harmful and/or toxic events with varied impacts have occurred in New Zealand coastal and
freshwater areas. One of the biggest toxic events, in terms of distribution, number of reported illnesses, and
economic losses, was an unexpected neurotoxic shellfish poisoning (NSP) outbreak at the beginning of 1993
in the Hauraki Gulf. Since this event, weekly monitoring of harmful phytoplankton and biotoxins has been
carried out. Overall, there are 110 Australasian HAB events catalogued in HAEDAT, 65 for Australia and 45
for New Zealand. In New Zealand, paralytic shellfish poisoning (PSP) is a predominant syndrome and has
caused 35 human illnesses; PSP has also caused either illnesses or shellfish harvesting closures in Australia.
NSP reports, including illnesses caused by Karenia brevisulcata aerosols, have caused 617 reported human
cases in New Zealand, while no NSP events have been reported in Australia. In Australia, ciguatera fish
poisoning (CFP) is the major reported syndrome and has caused 96 human illnesses, but no CFP has been
recorded from consuming New Zealand fish. Also in Australia, 200 diarrhetic shellfish poisoning (DSP) illness
events have been recorded whereas in New Zealand only 4 illnesses have been recorded.
Keywords: New Zealand, HAEDAT, harmful microalgae
Introduction
Harmful Algal Blooms (HABs) are a global
phenomenon requiring an international approach
for monitoring, management and improved
understanding. In 2013, the IOC Intergovernmental
Panel on HABs (IOC/IPHAB) and its partners
launched the development of a Global HAB Status
Report (GHSR) initiative (Hallegraeff et al., 2017).
The aim of these report series is to have a reference
of HAB occurrences and events worldwide and
their impacts on human health and ecosystem
services. To achieve this, the occurrences of toxic
algae are recorded per country and per harmful
event in the Ocean Biogeographic Information
System (OBIS), and in the Harmful Algae Event
Data Base (HAEDAT) of the IOC International
Ocean Data Exchange (IODE). Australia and New
Zealand constitute one of the 13 designated OBIS

regions, named Australasia. Toxic species listed in
OBIS and 60 HAEDAT events for this region were
recorded in 2017. However, only the data of
Australia had been recorded, introducing a bias in
data processing for the Australasian region. In New
Zealand, the first written record of a harmful event
was a “slime event” in the 1860s, possibly caused
by a Gonyaulax species (Washbourn, 1937). Since
then, many harmful and/or toxic events with
greater or lesser impacts have occurred in New
Zealand coastal and freshwater areas. One of the
biggest toxic events, in terms of distribution, victim
number, and economic losses, was an unexpected
NSP event in late of 1992/early 1993 in the northeastern Hauraki Gulf (Jasperse, 1993). Since this
event, weekly monitoring of the phytoplankton and
also biotoxins in shellfish has been carried out.
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The main objectives of this study were to [1] obtain
an overview of the occurrences of toxic microalgae
species and HAB events which have caused
impacts on human society in New Zealand, and [2]
compare HAEDAT events between Australia and
New Zealand.
Materials and Methods
New Zealand toxic microalgae species
The first aim was to contribute to the distribution
of New Zealand genus/species in the Taxonomic
Reference List of Harmful Microalgae of IOCUNESCO (Moestrup et al., 2009). This list
contains the valid taxonomic names and
information about marine microalgae and
freshwater cyanobacteria which produce toxins or
which have toxic effects, and also species
suspected to produce toxins.
Toxic microalgae occurrences in New Zealand,
referenced in the published literature were
catalogued. The scientific literature included
referenced papers and reports about a toxic event,
a toxic genus or species, or event due to biotoxin.
The “grey literature” included conference
proceedings and the online culture collection of
microalgae
of
the
Cawthron
Institute
(cultures.cawthron.org.nz) was also used.
New Zealand HAEDAT events
HAEDAT is an online meta database containing
records of harmful algal events (in marine and
freshwater bodies). Harmful algal events are
recorded in HAEDAT by national focal points.
A harmful algal event is defined as (as per Editors
instructions for ON-LINE submission of data to
HAEDAT):
(i) a water discoloration, scum or foam causing
a socio-economic impact due to the presence of
toxic or harmful microalgae,
(ii) biotoxin accumulation in seafood above
levels considered safe for human consumption,
(iii) any event where humans, animals or other
organisms are negatively affected by algae.
Before entering the New Zealand HABs events into
HAEDAT, 11 grids were created, partly based on
the location of aquaculture farms in New Zealand.
New Zealand HAB events referenced in literature
were entered into HAEDAT and the file was
uploaded in April 2018. No events recorded after
this date were entered.
Australia and New Zealand were compared
according to seafood contamination and aerosol
events. Different key factors which could explain
the obtained results are presented. It is important to

emphasize that available information in HAEDAT
on individual events or on species occurrences in
OBIS varies greatly from event to event or country
to country. Areas with numerous recorded events
but with efficient monitoring and management
programs, may have low risk of intoxications,
whereas rare events in other areas may reflect
severe problems and represent significant health
risk.
Results and Discussion
Overview of the occurrence of toxic microalgae
species and harmful events in New Zealand
From an analysis of the literature available, it was
found that New Zealand waters host a total of 56
harmful marine microalgae species and 9
freshwater toxic species from the toxic species
reference list of IOC-UNESCO. In total, 101
occurrences of toxic species have been recorded in
New Zealand, and there are now 236 occurrences
recorded for the Australasian region. Among the 56
species, 38 are toxic or potentially toxic to humans,
meaning that they can cause poisoning or closures
of commercial and recreational harvesting.
Eighteen species of recorded microalgae are
ichthyotoxic or potentially ichthyotoxic, or can
lead to anoxic conditions following high biomass
decay. The location of these species and their
impacts are presented in Figure 1. The majority of
these species have been recorded in the Hauraki
Gulf, Marlborough region and Tasman and Golden
Bays, regions which contain many aquaculture
farms. The high use of these coastal areas for
aquaculture in New Zealand could explain the
massive mortalities of caged fish and shellfish by
direct toxic/physiological effects (mostly due to
gill damage).

210

Fig. 1. Location of listed
species lethal for fish and/or
invertebrates by anoxia or by
release of toxic
compounds/mucus. Blooms
with mortalities of fish and/or
invertebrates are represented
by a red star and potentially
toxic species for fish and/or
invertebrates are represented
by a black bottle. The spread
of an Ostreopsis siamensis
bloom is represented by
arrows. Inserts correspond to
the Hauraki Gulf and
Marlborough Sounds regions.
Absence of events in a given
location does not necessarily
mean absence of toxicity or
mortalities but reflects lack of
monitoring or data.

Fig. 2. Number of harmful algal events per grids in
New Zealand (Source: Données cartographiques
©2018 Google, INEGI)

According to the HAEDAT website (downloaded
in April 2018) New Zealand records include a total
of 45 harmful events (Figure 2) whereas Australia
records include a total of 65 harmful events.
Most New Zealand HAEDAT events occurred in
coastal areas which are highly used for aquaculture.
Differences between New Zealand and Australia in
terms of seafood contamination events
Australia and New Zealand differ regarding the
syndromes associated to seafood toxins (Fig. 4.).
There were no Ciguatera Fish Poisoning (CFP)
events in New Zealand whereas it is the main toxic

syndrome in Australia. This can be explained by
the large quantity of tropical coral reef fish which
can ingest and bioaccumulate toxic Gambierdiscus
causing CFP in Australia, mainly in the Great
Barrier Reef. The potential risk of CFP in New
Zealand is through tropical fish which could
transmit ciguatera migrating from subtropical
regions to the New Zealand mainland (Rhodes et
al., 2017). NSP illnesses, including those caused by
Karenia brevisulcata aerosols, have reached 617
reported human illnesses in New Zealand, but none
have been reported in Australia. The two countries
are similar in other regards. The same proportion of
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paralytic shellfish toxin contamination has been
reported in both countries, associated with either
Gymnodinium catenatum or Alexandrium species.
More human illnesses have been reported in New
Zealand, mainly due to recreational shellfish
gatherers, which are more common in New
Zealand and who have not heeded warning signs of
closures to harvesting (MacKenzie, 2014). Also, no
amnesic shellfish poisoning events have occurred
in either country, despite a number of toxic
Pseudo-nitzschia species occurring in both
countries. In New Zealand, amnesic shellfish toxin
(AST) contamination risk is low despite many
blooms, because the majority of Pseudo-nitzschia
species that bloom only produce toxins in
extremely low concentration (Rhodes et al., 1998).
In Australia, 200 DSP illness events have been
recorded whereas only 4 illnesses have been
recorded in New Zealand. The Australian event
occurred in 1997 in an area with no prior biotoxin
monitoring, while New Zealand has had a
comprehensive monitoring program in place since
1993.

determine the long-term benefits of the monitoring
program. The second objective was to compare
Australia and New Zealand in terms of HAEDAT
events – in this case seafood contamination and
aerosols events – and to determine factors which
can explain the differences and similarities
between the countries. In summary, the differences
between Australia and New Zealand can be
partially explained by a difference in the intensity
of the monitoring programs, a different use of
coastal areas for aquaculture (shellfish being a
major export industry for New Zealand) and the
different regional climatic conditions experienced
by the two countries. (for example, tropical coral
reefs contributing to CFP in Australia). A full
account of this work will appear as part of a special
issue of the journal Harmful Algae in preparation.
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