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Several planktonic dinoflagellate species of the genus Dinophysis produce one or two groups
of lipophilic toxins: (i) okadaic acid (OA) and its derivatives, the dinophysistoxins (DTXs), and (ii)
pectenotoxins (PTXs) [1–3]. The OA and DTXs, known as diarrhetic shellfish poisoning (DSP) toxins,
are acid polyethers that inhibit the protein phosphatase and have diarrheogenic effects in mammals [4,5].
The PTXs are polyether lactones, some of which are hepatotoxic to mice by intraperitoneal injection [6].
The toxicity of pectenotoxins has been questioned since they are not toxic when ingested orally [7].
Filter feeding bivalves retain toxic planktonic microalgae and other suspended matter, acting as vectors
of the toxins through the food web. Bivalves contaminated with DTXs are a threat to public health.
Shellfish resources exposed to DTXs and other toxic syndromes need to be monitored for early detection
of the toxins and their causative agents and subjected to regulations aimed to protect public health.

Forty years after the identification of Dinophysis fortii as the causative agent of severe gastrointestinal
outbreaks in Japan [1], toxins produced by a few species of Dinophysis have been recognized, in terms
of persistence and distribution, as the main threat to intensive shellfish exploitation in western Europe,
eastern Japan, and to a lesser extent in southern Chile and New Zealand. Recently, Dinophysis events
have emerged in traditionally “DSP-toxin free” areas (e.g., eastern and north-western USA, the Pacific
coast of Mexico, South China Sea). Increased monitoring and regulation may explain certain cases,
but some models include Dinophysis as a potential winner in global warming scenarios [8], although
without taking into account species-specific requirements [9].

The monitoring of Dinophysis species and their toxins in shellfish started in the early 1980’s.
The old standard mouse bioassay detected and quantified, as okadaic acid equivalent (OA eq.) units,
a “cocktail” of lipophilic toxins, and needed 24 to 48 h observation of the experimental animal. The high
performance liquid chromatography (HPLC) method developed by the group of Yasumoto [10] and
its adaptation to analyse picked cells of Dinophysis [11] revealed that species of this genus produced
two groups of toxins with different chemical structures and toxic effects: (i) okadaates (OA and
dinophysistoxins) and (ii) pectenotoxins—only the former have diarrhetic effects, while the latter are
not even regulated in some countries. Other lipophilic toxins, such as yessotoxins and azaspiracids,
and even non-toxic fatty acids causing false positives, were co-extracted with Dinophysis toxins,
leading to complex matrices for the analyses. The next breakthrough was the development of liquid
chromatography coupled to mass spectrometry (LC-MS). During his plenary talk at the 8th International
Conference on Harmful Algae, Vigo, 1997, Mike Quilliam forecasted this new analytical tool would
replace all the other methods [12]. Two years earlier he had shown how the extraction procedure of
the time led to toxin profiles of hydrolized precursors of the OA and DTXs [13]. In the same period,
Maestrini [14] identified the main gaps in knowledge concerning the biology and population dynamics
of Dinophysis species. These gaps included questions about the life cycle, nutrition (including the
inability to grow Dinophysis in laboratory cultures), and the physical-biological interactions explaining
their patchy populations.

Toxins 2019, 11, 413; doi:10.3390/toxins11070413 www.mdpi.com/journal/toxins1
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Twenty year after these advances, considerable progress has been gained through: (i) the use
of sampling strategies which follow the cell cycle and dynamics of low-density and patchy field
populations of Dinophysis spp. [15,16]; (ii) the application of single-cell manipulations coupled to
new molecular and analytical techniques, and finally (iii) the successful establishment of mixotrophic
cultures of Dinophysis fed the ciliate Mesodinium rubrum [17]. Still the main problems faced to monitor
Dinophysis spp and their toxins are: (i) taxonomic uncertainties with traditional methods, to identify
species which are morphologically similar but with different toxic potential; (ii) large differences
in toxin profiles and cellular content found between strains of the same species, even in the same
location; (iii) to improve predictive capabilities of the occurrence of Dinophysis species and their toxins
in shellfish; (iv) to develop cost-efficient monitoring systems for the control of shellfish toxins in
different molluscs with their specific metabolic responses. Despite these uncertainties, a “Dinophysis
trigger level” based on cell densities is still widely used in monitoring systems. Different toxins from
Dinophysis cells/fragments, their grazers, and detritus derived from faecal pellets are ingested by
shellfish, affecting their absorption, transformation and elimination in a species-specific manner, and a
large proportion are released into the water [18–20]. All these processes, which play key roles in the
impact of toxic outbreaks on shellfish resources, are poorly known, in particular from a metabolic and
genomic point of view. Further, the direct effects of Dinophysis toxins on the growth and survival of
shellfish species feeding on them have received little attention.

This special issue contains original contributions that advance our knowledge of the distribution
and impact of Dinophysis toxins on the shellfish industry worldwide. A wide range of topics are
covered, from monitoring and regulation of DSP toxins to Dinophysis population dynamics, laboratory
cultures and the kinetics of uptake, transformation and impact of the toxins in shellfish. Four papers
present long (>20 years) times series of monitoring data from regions in Europe and Oceania suffering
blooms of D. acuminata/D. acuta every year. The impact of DSP events in Ireland, Scotland and Spain,
with strains with toxin profiles dominated by OA and DTXs, contrasts with their lower impact in
New Zealand, with strains with profiles dominated by PTXs. Results from these countries confirm the
need for a shellfish species-specific strategy to control the impact of DSP outbreaks, and a site-specific
analysis of the response of Dinophysis-related outbreaks to climate variability. A paper with the first
report of Dinophysis toxins in Perú, from LC-MS analyses of individually isolated cells, shows that
classification problems persist within the “D. acuminata complex”. This problem is also pointed out in
the paper from southwest Spain. Two articles deal with the population dynamics, autoecology and
the concept of niche segregation for co-occurring toxic species in Reloncaví fjord, southern Chile and
the Galician Rías, northwest Spain, and a paper from Brazil describes interactions between Dinophysis
and its ciliate prey, as well as toxin transfer through the food web during an exceptional bloom of
the “D. acuminata complex”. Interactions with the prey Mesodinium rubrum, its effects on growth and
toxin production in mixotrophic laboratory cultures, and considerations/suggestions to optimize mass
cultures of Dinophysis are dealt with in three contributions.

Contributions from Japan, the pioneer country with the longest records of detection of Dinophysis
toxins, include a review of the toxin profiles of different Dinophysis species with current analytical
tools, as well as statistical considerations on DSP toxin monitoring and their anatomical distribution
in shellfish. The effects of DSP toxins on shellfish are explored with advanced molecular techniques,
RNA sequencing analysis and transcriptomics. Finally, different aspects of the kinetics of DSP toxin
accumulation and depuration in shellfish, including predictive models, are investigated in a full review
and in contributions about metabolic changes in shellfish and the effect of suspended particulate matter
in toxin accumulation.

Acknowledgments: The editors are grateful to all the authors who contributed to this special issue. They are
also appreciate the rigorous evaluation of the submitted manuscripts by expert peer reviewers. The valuable
contributions, organization, and editorial support of the MDPI management team and staff are greatly appreciated.
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Abstract: The purpose of this work is to review all the historical monitoring data gathered by the
Marine Institute, the national reference laboratory for marine biotoxins in Ireland, including all
the biological and chemical data from 2005 to 2017, in relation to diarrheic shellfish poisoning
(DSP) toxicity in shellfish production. The data reviewed comprises over 25,595 water samples,
which were preserved in Lugol’s iodine and analysed for the abundance and composition of
marine microalgae by light microscopy, and 18,166 records of shellfish flesh samples, which were
analysed using LC-MS/MS for the presence and concentration of the compounds okadaic acid
(OA), dinophysistoxins-1 (DTX-1), dinophysistoxins-2 (DTX-2) and their hydrolysed esters, as well
as pectenotoxins (PTXs). The results of this review suggest that DSP toxicity events around the
coast of Ireland occur annually. According to the data reviewed, there has not been an increase in
the periodicity or intensity of such events during the study period. Although the diversity of the
Dinophysis species on the coast of Ireland is large, with 10 species recorded, the two main species
associated with DSP events in Ireland are D. acuta and D. acuminata. Moreover, the main toxic
compounds associated with these species are OA and DTX-2, but concentrations of the hydrolysed
esters are generally found in higher amounts than the parent compounds in the shellfish samples.
When D. acuta is dominant in the water samples, the DSP toxicity increases in intensity, and DTX-2
becomes the prevalent toxin. Pectenotoxins have only been analysed and reported since 2012,
and these compounds had not been associated with toxic events in Ireland; however, in 2014,
concentrations of these compounds were quantitated for the first time, and the data suggest that
this toxic event was associated with an unusually high number of observations of D. tripos that year.
The areas of the country most affected by DSP outbreaks are those engaging in long-line mussel
(Mytilus edulis) aquaculture.

Keywords: dinophysis; DSP; toxins; OA; DTX-2; PTXs

Key Contribution: There were no clear trends with respect to the increase/decrease of DSP events in
Ireland over the studied period. D. acuminata is generally the dominant species in the water samples;
however, the highest DSP toxicity has been found in the years when D. acuta becomes dominant,
affecting shellfish species not generally associated with DSP toxicity, such as king scallops and oysters.
The dominance of these species also has a geographical component. D. acuta is more prevalent below
52.5◦ N latitude, above which D. acuminata becomes the most observed species. Because the analysis
of PTXs commenced in 2012, concentrations of such toxins have rarely been found in shellfish tissues;
however, in 2014, high levels of these toxins were found in shellfish corresponding with the largest
number of observations of D. tripos in any year since such monitoring began. Another feature of
DSP events in Ireland is that hydrolysed OA and DTX-2 esters are more prominent than the parent
compounds in shellfish tissues. This causes an ‘overwintering effect’ of toxins during high toxicity
years, where low concentrations of toxins, below the regulatory level, remain in the shellfish for
longer periods of time, sometimes extending into the spring cycle.
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1. Introduction

The study of marine biotoxins is an important area of scientific research that is mainly driven
by poisoning incidents in humans who consume bivalves. Diarrheic shellfish poisoning (DSP) was
first recorded in the Netherlands in the 1960s, when cases of a form of gastroenteritis linked to mussel
consumption were identified [1,2]. In Japan, a similar event occurred in the late 1970s [3,4].

The recording of DSP toxicity events in Ireland and the rapid development of the shellfish industry
seem to have taken place in parallel. One of the first DSP toxicity events ever recorded in Ireland
took place in 1984, which coincided with the start of marine biotoxin monitoring. DSP toxins were
first detected by using a DSP rat bioassay (1990–1996) [2], by which samples of hepatopancreas tissue
from shellfish were orally fed to rats and the consistency of the resultant faeces was rated from dry to
liquid. In the 1980s, only summer closures were enforced; however, in 1994, toxins were detected by
LC-MS/MS outside of the months during which there was commonly believed to be a greater risk of
toxic events. DSP toxicity (OA equivalents) in mussel hepatopancreas reached a high of 13.5 μg·g−1

in August of 1994, and dinophysistoxins-2 (DTX-2) concentrations remained above the regulatory
limits until February of 1995 (>2 μg·g−1). This toxic episode was associated with high cell densities of
Dinophysis acuta (20,000 cells·L−1) observed in Bantry Bay [5] and identified the need for a year-round
biotoxin monitoring programme. The incident also highlighted that the rat bioassay was not a method
fit for this purpose, because it was considered to be too subjective; as a result, the rat bioassay was
eventually replaced by the more sensitive mouse bioassay.

The DSP mouse bioassay was used for several years (1997–2011) [3], but in 2000, chemical
characterisation via LC-MS became more widely used [3,6]. In 2002, a hydrolysis step was introduced
into the LC-MS/MS method to account for the total toxin equivalent of the main toxins and to allow
for the detection of the acyl derivatives of okadaic acid (OA) and other toxins in that group [7].
During the 2000s, both the mouse bioassay and the LC-MS DSP method were run in parallel until
the mouse bioassay was finally discontinued in 2011. Today, the European Union (EU) harmonised
LC-MS/MS protocol [8] is used as the reference method. The main toxins responsible for DSP incidents
in Ireland are OA [9], DTX-2, their hydrolysed esters [10] and the non-diarrheic pectenotoxin (PTX)
group [6,11]. These polyether compounds are potent phosphatase inhibitors [12] that cause intestinal
illness, except for PTXs, which are hepatotoxic [13]. In this work, only the chemical data produced
through LC-MS/MS analysis from 2009 to 2017 for the OA and DTX-2 parent compounds and from
2011 to 2017 for their hydrolysed esters were used.

The phytoplankton monitoring programme commenced in 1986, and originally, the main interest
was in counting the high biomass phytoplankton species only. It was believed that many cells were needed
in a sample to produce shellfish toxicity. Only a limited number of species were counted per sample,
and limited data were recorded about the sample and how it was collected. This continued until
1995, when the first phytoplankton database, ‘Fytobase’, was developed by the Marine Institute.
Fytobase was the first Microsoft Access database, and it was a definite improvement from the
previous system. It included a standardised phytoplankton species list and unlimited space for
species entry. Additionally, sample data collection, including the methodology employed, sample
depth, and latitude/longitude coordinates, were recorded.

In 2002, Fytobase was superseded by the Harmful Algal Blooms database (HABs). HABs was
decommissioned in 2018 and replaced by a new Windows-based system, HABs2. This new system
differs from the previous one in that it is a fully automated, digitalised platform, which allows the
Marine Institute to publish phytoplankton results in close to real time, and it is fully open to the
public. The phytoplankton results can be plotted over a timeline to show the trends of the main toxic
species, and these can be compared against the toxin results for the same area. These figures can give

6



Toxins 2019, 11, 61

near real-time information and serve as an early warning system of an impending toxic event for the
shellfish industry.

The biological data used in this review were collected from all the shellfish and finfish production
areas in Ireland between 2005 and 2017 as part of the monitoring programme. The datasets from
this time period are much more comprehensive and reliable than previous ones, as the monitoring
programme has been improving, culminating in the accreditation of the Utermöhl test method [14]
in 2004 to the ISO standard of 17,025. The monitoring programme comprises samples from over
80–90 shellfish production sites weekly, although not all these sites are active year-round.

The data for the purpose of this study was organised into larger geographical regions rather
than individual sites or bays along the coast in order to obtain realistic values and achieve some
proportionality among the regions. The rationale for this was to be able to objectively compare the
coastal areas that are not as heavily influenced by shellfish production. For example, the eastern region
along the Irish Sea only accounts for eight production areas as compared with the 64 production areas
in the western region.

The observations of Dinophysis spp. in the water column in Ireland typically occur in the summer
months and in the thermally stratified waters along the shelf front [15] in all the coastal locations,
particularly in the southern and southwestern areas. Here, the oceanography can be quite complex,
as the continental shelf is less than 100 m deep and can be highly stratified in the summer. Dinophysis
populations can develop quite quickly and be advected into bays by prevailing winds. This advection
depends on the position of the shelf front [5]. This exchange can be accentuated due to the orientation
of the bays in the southwest relative to the prevailing winds [16].

The average sea surface temperatures for the western and southern waters of Ireland range
between 8–10 ◦C in the winter and 14–17 ◦C in the summer [17] and tend to be several degrees higher
compared with the eastern waters due to the Gulf stream current modulating the temperatures in
western Ireland. In the winter, the Irish coastal waters are well mixed, with no differences between
the bottom and surface temperatures, but in the summer, as the waters stratify, there can be a 5–6 ◦C
difference between the surface and the bottom [18]. It is in the area between the coastal mixed
waters and stratified offshore waters marked by a tidal front that Dinophysis populations are found.
The transport mechanism in the southern and southwestern regions is well studied and explained
by the Irish Coastal Current (ICC) [19]. This is a strong jet-like fast current moving in a clockwise
direction around the south and southwest of Ireland, and it can be modulated by the shelf front due to
wind forcing [16]. This transport mechanism is believed to be essential to the delivery of Dinophysis
into these bays [20].

2. Results

2.1. Phytoplankton Records from the HABs Database

Between 2005 and 2017, a total of 25,595 phytoplankton samples were analysed, containing 346,186
phytoplankton records, of which 5315 were Dinophysis. During this period, 10 different species of the
genus Dinophysis were observed in the samples (Table 1), which is a consistent measure of the diversity
of this genus in Irish waters. The most observed species, without a doubt, were Dinophysis acuminata
and Dinophysis acuta. The third most observed species after that was Dinophysis tripos, followed by a
small number of observations for D. caudata, D. norvegica, D. hastata, D. fortii, D. ovum and D. odiosa
and only one record of D. nasuta.

Our data shows that the DSP outbreaks around the Irish coast fluctuated between years of high
toxicity (1994 and 1995; 2000 and 2001; 2012, 2014 and 2015) and years of low or no toxicity (1997
and 1998; 2002, 2016 and 2017). The periods of high toxicity were associated with a high number of
observations of D. acuta and D. acuminata and vice versa. Other Dinophysis species were also present in
the water with D. tripos, which was the next most recorded species. Up to 10 different species of this
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genus were recorded by the monitoring programme during this period, albeit most of them only a
handful of times, so their association to toxicity in Ireland is limited.

Table 1. Total number of observations of the Dinophysis species in Irish waters between 2005 and 2017
by geographical area (Note: D. dens is included here as synonym for D. acuta).

Geographical Areas

Species Name East
South
East

South
South
West

West
North
West

Total Number of
Observations

Dinophysis acuminata 160 103 126 1417 737 555 3098
Dinophysis acuta 109 51 141 1241 277 119 1938
Dinophysis tripos 0 2 9 151 13 46 221

Dinophysis caudata 0 0 1 12 1 3 17
Dinophysis norvegica 3 3 0 4 0 0 10

Dinophysis odiosa 0 0 0 10 0 0 10
Dinophysis fortii 0 0 1 7 1 0 9

Dinophysis hastata 0 0 0 0 6 1 7
Dinophysis ovum 0 0 0 3 1 0 4
Dinophysis nasuta 0 0 1 0 0 0 1

Table 2 shows the normalised, estimated number of observations of D. acuminata and D. acuta
from 1500 records in each geographical area. The southern region had the least total number of samples
of all the areas during the studied period, with only 1500 samples collected between 2005 and 2017.
The reason for this is that the southern region also had the smallest number of active sampling sites (5).
Proportionally, 1937 samples were collected during the same period in the southwest, and 1621 samples
were collected in the western region, which corresponded to an average of 40 and 32 samples per year,
respectively (data not shown).

Table 2. Normalised data from 1500 samples per region.

Normalised, Estimated Number of Observations by Geographical Area

Regions D. acuminata D. acuta Ratio D. acuminata/D. acuta
East 134 91 0.68

Southeast 73 36 0.49
South 158 190 1.20

Southwest 345 288 0.83
West 196 73 0.37

Northwest 190 44 0.23

The data shows that the areas with the largest number of observations for both species were in
the southern and southwestern regions in comparison to the Irish Sea (east and southeast) and the
western and northwestern Atlantic areas. Moreover, the ratios between D. acuminata and D. acuta in
the south and southwest were different than in other regions. In the northwestern and western regions,
D. acuminata was clearly the most observed of the two species, with ratios of 4:1 and 5:1. In the east
and southeast, this tendency was not as obvious, with D. acuminata still being the most dominant at
ratios of 3:2 and 2:1, respectively. There was a much closer ratio of 4:3 in the southwestern region
and a ratio favourable to D. acuta in the south (5:6). This seems to indicate that D. acuta has larger
influence in the lower latitudes (below 52◦ north), while D. acuminata clearly dominates in the west,
northwest, southeast and east above 52–52.5◦. The data also showed an east to west axis, influenced
by seasonal circulation patterns in the Celtic Sea, where the western Irish continental shelf follows a
continuous anti-clockwise circulation pattern around the west of Ireland, which would support the
idea that the Dinophysis species were moving from the south and towards the southwestern areas
rather than towards the Southeast.
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Figure 1 shows the overall patterns of the two main species in Ireland during the study period.
D. acuminata appeared to be the dominant species most years, in 11 out of 13 years, but especially
in 2005, 2012 and 2013, when the differences between the recorded species were quite significant.
Interestingly, this pattern was reversed in 2014 and 2015, when the D. acuta records nearly double those
of D. acuminata. This data agreed well with the toxin profile for the year, as DTX-2 was the principal
toxin found in the shellfish. Moreover, although not shown in Figure 1, in 2014, D. tripos was also a
dominant species, and it was recorded in 107 samples, which was significant taking into consideration
that there have only been a total of 221 recorded samples for D. tripos since 2005. Thus, nearly 50% of
all the records for D. tripos were observed in 2014, which coincides with the finding of quantifiable
concentrations of pectenotoxins in shellfish in 2014 (data not shown here).

 

Figure 1. Number of observations of Dinophysis acuminata and Dinophysis acuta in Ireland by year
between 2005 and 2017.

The seasonality trends of these three species are shown in Figure 2. D. acuminata appeared first in
the water column and always peaked in the early summer months of June and July, while D. acuta
generally appeared later in the summer and peaked a month later in July and August. D. tripos (data
not shown in Figure 1) peaked in the late summer and early autumn months, in August and September,
but the number of observations of this species was limited compared with the other two. Cells of
these species were observed throughout the year, even during the winter months, but D. acuminata,
in particular, can be observed in early spring, during March and April, in milder winters.

9



Toxins 2019, 11, 61

0

100

200

300

400

500

600

700

800

900

1000

January February March April May June July August September October November December

Figure 2. Seasonality of the species D. acuta, D. acuminata and Dinophysis tripos in Irish waters between
2005 and 2017.

2.2. Shellfish Toxicity Data

DTX-2 was detected on an annual basis, and it was often observed above regulatory levels,
particularly in mussels in the southwest. In 1994, prolonged closures of mussel harvesting areas were
observed for the first time throughout the winter months into 1995. The persistence of a toxic event
over the winter period and the next spring was not unusual, and it was determined by the timing and
intensity of the toxic event. Figure 3 shows the concentrations of DTX-2 above the regulatory levels for
the period from 2009 to 2017. Most years, DTX-2 concentrations were observed in late summer to early
autumn and remained in shellfish tissues into the next spring, generally below the regulatory levels.
The high DTX-2 amounts in 2014 and 2015 can be explained by the shift in dominance in the water
column from D. acuminata to D. acuta (see Figure 1), when the trends were reversed from previous
years. During years of low toxicity (for example, 2012, 2013 and 2017), DTX-2 was no longer present in
shellfish tissues, and this data agreed with evidence of a decline of D. acuta observations in the water
samples. The highest observed DTX-2 concentration was 7.63 μg·g−1 in August 2010 in blue mussels
(Mytilus edulis). DTX-2 above the regulatory levels has also been found in remainder tissues of king
scallops (Pecten maximus) and Pacific oysters (Crassostrea gigas) (Table 3).

Table 3. Highest DSP toxin values observed in shellfish species in 2009–2017 expressed in μg·g−1.

Species Name Common Name DTX-2 μg·g−1 HY-DTX-2 μg·g−1 OA μg·g−1 HY-OA μg·g−1

Mytilus edulis Blue mussel 7.63 7.84 1.74 2.77
Pecten maximus King scallop 0.27 7.1 0.28 1.92
Crassostrea gigas Pacific oyster 0.36 0.29 <RL <RL

Cerastoderma edule Common cockle <RL 0.75 <RL 0.34
Spisula solida Surf clam <RL 0.16 <RL 0.22

HY = Hydrolysed ester of the parent toxin; OA = okadaic acid; RL = Regulatory Level.
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Figure 3. Dinophysistoxins-2 (DTX-2) quantifiable concentrations in μg·g−1 found in shellfish between
2009 and 2017. The red line equals the closure level for diarrheic shellfish poisoning (DSP) toxin
equivalents 0.16 μg·g−1.

DTX-2 acyl derivatives were also found in the shellfish samples (Figure 4), and their concentration
in the shellfish tissues was generally higher than that in the parent compound in the same sample,
as comparisons between Figures 3 and 4 would suggest. The highest ever observed hydrolysed DTX-2
concentrations were 7.84 μg·g−1 in blue mussels and 7.1 μg·g−1 in the remainder tissues of king
scallops in October of 2014 (Table 3). Interestingly, DTX-2 esters have also been found to be above
regulatory levels when converted back to their parent compounds through hydrolysis in samples of
surf clams (Spisula solida) and cockles (Cerastoderma edule) (Table 3), even though the parent toxin has
never been recorded for these species.

In summary, DTX-2 and its acyl derivatives were the predominant toxin compounds in Irish
shellfish and were responsible for extended and prolonged closures during the winter months
following the toxicity events when the highest concentrations (generally >1.5 μg·g−1) occurred in
September/October in extremely toxic years. When the highest concentrations (generally <1.5 μg·g−1)
occurred in August, this generally meant that there was no carry-over above the regulatory levels
through to the following spring. Geographically, the southwest fared the worst with respect to
harvesting closures, although this was not exclusive to this region, and other areas in the southern,
western and northwestern coasts (Figure 5) were affected to a lesser extent. There is an inherent DSP
toxicity bias towards the southwestern coast because of the predominance of longline rope mussel
aquaculture production.

OA is found predominantly in blue mussels, where quantifiable concentrations were usually
observed from May onwards and had generally increased to above the regulatory levels by June
(Figure 6). These concentrations usually decreased below the regulatory levels by October–November,
and the toxin was normally absent from the shellfish samples by the end of the year. The highest OA
concentrations above the regulatory levels were observed in blue mussels (1.74 μg·g−1 in June 2012)
and in the remainder tissues of king scallops, 0.28 μg·g−1 (Table 3). OA acyl derivatives were also
present in shellfish (Figure 7) and followed the same concentration and seasonality patterns as the
parent compound; however, acyl derivatives tended to stay longer in shellfish tissues during years
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of high toxicity. OA and its acyl derivative were predominant in the southwestern coast of Ireland
(Figure 8).
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Figure 4. Hydrolysed DTX-2 quantifiable concentrations in μg·g−1 found in shellfish in 2011–2017.
The red line equals the closure level for DSP toxin equivalents 0.16 μg·g−1.

 
Figure 5. DTX-2 and hydrolysed DTX-2 values above the regulatory limit by geographical area
in 2009–2017.
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Figure 6. Quantifiable okadaic acid concentrations in μg·g−1 found in shellfish in 2009–2017. The red
line equals the closure level for DSP toxin equivalents 0.16 μg·g−1.
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Figure 7. Hydrolysed okadaic acid quantifiable concentrations in μg·g−1 found in shellfish in 2011–2017.
The red line equals the closure level for DSP toxin equivalents 0.16 μg·g−1.

In summary, OA and its esters resulted in concentrations above the regulatory levels on an annual
basis and generally occurred earlier in the year than DTX-2 and its esters. The presence of OA and its
accumulation in shellfish was normally associated with the presence of Dinophysis acuminata cells in
the water column.

Since 2012, the lipophilic method was modified to include the detection and quantification of
PTX-1 and PTX-2, where the overall result is expressed as PTX equivalents μg·g−1 (Figure 9). Since
the monitoring began, quantifiable concentrations were rarely seen, and no PTX equivalent values
have been observed above the regulatory levels. The highest value observed to date was 0.13 μg·g−1

in the remainder tissues of king scallop. Interestingly, most of the quantified PTX equivalent values
in the form of PTX-2 occurred in 2014 (from June–October). This coincided with high concentrations

13



Toxins 2019, 11, 61

of DTX-2, DTX-2 esters and OA esters in shellfish, whilst PTX concentrations are recorded as being
produced by D. acuta, D. acuminata, D. fortii, D. caudata and D. norvegica, and these phytoplankton
species were occasionally observed in Irish waters. PTXs have more recently been thought to be
produced by D. tripos [21,22], especially PTX-2. The 2014 data shows the largest number observations
of D. tripos recorded since 2005 and the highest cell densities. The data strongly supports that D. tripos
may have been responsible for PTXs being recorded in Irish shellfish samples for the first time since
the monitoring of the PTX group began.

 
Figure 8. OA and hydrolysed OA values above the regulatory limit by geographical area in 2009–2017.

 
Figure 9. Quantifiable Pectenotoxin (PTX Equivalents) concentrations in shellfish in 2012–2017.
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Figure 10. DSP Closure plots (2009–2017) by geographical area, Dinophysis diversity and maximum cell
concentrations (cells·L−1). Red dot (•) indicates a closure in a production area due to DSP detected
above regulatory levels. NW: northwest; W: west; E: east; SW: southwest; S: south; and SE: southeast.
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Maps of closures for harvesting per region during the period of 2009–2017 (Figure 10) suggest
that the largest number of closures due to DSP incidents occurred in the southwest. In particular,
the periods of 2009–2010 and 2014–2015 were exceptionally difficult, with protracted closures and high
toxicity. These periods were related to the relative dominance of D. acuta in the water column, except
for 2009, when more D. acuminata observations were made. The toxicity in these two periods showed
toxic ‘overwintering’ (Table 4), especially in 2015 with 56 closures in January, 16 in February and 3 in
March. During this time, there were no closures in the eastern and southeastern regions, and a small
number of closures in the south, west and northwest. Figure 11 shows the total number of harvesting
closures and the highest toxin OA equivalent recorded per year. As can be observed, 2014 and 2015
have been the worst two consecutive years for DSP toxins in Ireland since 2009 and 2010.

Table 4. Number of harvesting closures by region.

Years
Southwest

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

2009 - - - - - 14 15 16 25 22 16 3

2010 2 - - - 4 13 16 28 15 20 28 10

2011 - - - - 7 12 2 13 21 19 2 -

2012 - - - - - 12 15 9 2 - - -

2013 - - - - - - 4 8 6 - - -

2104 - - - - - 10 12 23 49 34 41 36

2015 56 16 3 - - 1 8 16 20 22 30 16

2016 4 - - - - 8 4 5 6 8 - -

2017 - - - - 3 10 5 3 - - - -

Years
West

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

2009 - - - - - 5 13 2 - - - -

2010 - - - - - 1 - - - - - -

2011 - - - - - - - - - - - -

2012 - - - - - 3 8 1 1 - - -

2013 - - - - - - 1 6 3 - - -

2104 - - - - - - - 2 6 5 2 -

2015 - - - - - - - 3 - - - -

2016 - - - - - - - - - - - -

2017 - - - - - - - 2 - - - -

Years
Northwest

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

2009 - - - - - - - - 1 - - -

2010 - - - - - - - - - - - -

2011 - - - - - - 1 - - - - -

2012 - - - - - - - 1 - - - -

2013 - - - - - 7 3 4 - - - -

2104 - - - - - - - 1 2 - - -

2015 - - - - - - - - - - - -

2016 - - - - - - - - - - - -

2017 - - - - - - - - - - - -
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Figure 11. Number of harvesting closures due to DSP toxicity per year and maximum OA equivalents
in each year in μg·g−1 per year.

3. Discussion

There is no doubt about the impact of the Dinophysis species and their associated toxins on the
shellfish industry in Ireland over the years. The Dinophysis species, even at small cell concentrations
in the water, can cause prolonged closures for the harvesting of bivalves in many areas of the
country. The two main species associated with toxic events in Ireland are Dinophysis acuminata and
Dinophyis acuta, although, as this review suggests, more diversity has been observed in the sampling
areas, and in 2014, a toxic event in the south and southwest of the country also included another species,
Dinophysis tripos, which was associated with the highest quantifiable concentration of pectenotoxins
recorded. Pectenotoxins in Ireland have only been measured since 2012, and therefore, there is limited
data for comparison, so this could be a case of increased monitoring rather than an increase in HAB
events. In any case, future monitoring data will allow us to review this trend appropriately. This also
highlights the importance of Phytoplankton monitoring, which through the proper identification of
toxin-producing algae, can act as a valid warning system for the different toxin groups.

In 2014 and 2015, the biological data show a shift from D. acuminata-dominated samples to
D. acuta domination, and this signalled a shift in the intensity and type of toxic compounds found in
the shellfish for these years. DTX-2 became the dominant toxin in the shellfish, and this biological shift
brought about the highest such toxin levels ever found in shellfish samples in Ireland.

An interesting aspect of DSP episodes in Ireland is the ‘overwintering’ effect of toxins, especially
in mussels, where there is a carry-over of toxins from one year into the next. Generally, these amounts
are well below the regulatory level as winter approaches and tend to disappear completely during
the spring bloom. This effect is more pronounced in the hydrolysed esters both for OA and DTX-2
than in the parent compound. DTX-1 is not a concern in Ireland, it has never been measured in any
quantifiable amounts by LC-MS. Although we observe Prorocentrum lima in our samples, this benthic
dinoflagellate has never been known to cause any toxic events in Irish waters.

DSP toxins are widely distributed in the country, as our harvesting closure plots suggest, but
are particularly prevalent in the southwest. There are various reasons for this disparity between the

17



Toxins 2019, 11, 61

regions; the prevalent oceanographic and weather conditions in the southwest and the movement of
the Irish Coastal Current clockwise around the south and southwest of Ireland allow for dinoflagellates
to aggregate inside the bays. Moreover, D. acuta is the dominant Dinophysis species in the south and
southwest coasts compared to other areas, and it is more toxic than D. acuminata. Ultimately, longline
rope mussels aquaculture are the most affected production areas in Ireland.

Mussels seem to be a good biological toxin indicator in monitoring programmes, as they
accumulate high levels of toxins, and according to our data, it appears to depurate slower than
other bivalves. In other areas, for example the southeast (razor clams) and east (bottom mussels,
razor clams, clams and cockles), there were no closures over this period. So, even after taking into
consideration the differences in the number of sampling sites and shellfish species grown in the
different regions, we can conclude with certainty that the southwest is the most affected region for
DSP harvesting closures in the country.

In conclusion, this review indicates that DSP is a prevalent toxin in shellfish that occurs on a
regular basis in Ireland and causes huge economic loss to the industry; however, harvesting closures
are required to protect human health. The data do not indicate a trend towards an increase or decrease
of DSP events, but rather point more towards a cyclical trend of years with high toxicity interspersed
with years with low toxicity, which can be clearly tracked through biological observations in terms
of number of observations. The years with the highest toxicity are related to D. acuta dominance in
the water column rather than D. acuminata, although D. acuminata is also involved in toxic episodes
regularly. Sometimes, there is a combined effect of both species, especially in the southwest, where
the ratio between these two species is similar. D. acuta, however, appears to be the more prominent
of the species in the southwestern and southern region up to the 52–52.5◦ N in an east–west axis,
with D. acuminata being dominant above this latitude in the east (Irish Sea) and west of the northwest
region (Atlantic area), but D. acuminata is significantly stronger in the west of the northwest region.
The aforementioned pectenotoxin event is probably an effect of increased monitoring and surveillance
by the monitoring programme rather than an increase in HAB events.

4. Materials and Methods

4.1. Biotoxin National Monitoring Programme

4.1.1. Sample Collection, Delivery and Lab Receipt

Samples of different species of marine bivalve molluscs are collected from aquaculture-classified
production areas on a regular basis. The frequency is dependent on a number of parameters and
can be increased or decreased due to the type of shellfish species, the time of year, the presence of
known causative toxin producing phytoplanktonic species in the same or adjacent areas and the
observation of quantifiable toxin concentrations observed in other shellfish species within the same
production area. Generally, the frequency is weekly for mussels (Mytilus edulis), fortnightly for king
scallops (Pecten maximus) and monthly for all other species (pacific oyster/Crassostrea gigas, flat native
oyster/Ostrea edulis, surf clam/Spisula solida, razor clam/Ensis siliqua and cockles/Cerastoderma edule).

The majority of mussels produced in Ireland are done so through suspended longline rope mussel
cultivation in the southwest and west. Bottom mussel cultivation also occurs to a lesser extent in a
number of production areas in each of the different geographical regions. Oyster production is mainly
via mesh bags on trestle tables and is mainly located along the southern, western and northwestern
coasts. Razor clams are dredged mainly in the east and southeast. Dredged king scallops from
classified production areas are mainly seasonal (October–March) in the southwest and harvested to
a lesser extent in the west and northwest. There is a large, offshore scallop industry all around the
coast of Ireland, as these scallops do not originate from classified production areas; the results from
this dataset have been excluded from this review.

A minimum number of individuals of specific sizes for each shellfish species are collected,
bagged, labelled and submitted to arrive at the Marine Institute laboratories the day after sample
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collection. Upon laboratory receipt, the sample details are logged into the HABs database, the shellfish
are dissected to obtain the whole flesh (except scallop species) from each individual, which are
pooled together and homogenised to obtain a whole flesh tissue homogenate weighing between
100–120 g. The sample homogenate is forwarded for toxin extraction and analysis, usually on the
day of laboratory receipt. On occasions where analysis is not possible, the sample homogenate is
either stored, refrigerated or frozen depending on when the analysis can be conducted. Scallop species
originating from classified production areas are subjected to a different testing regime, in which the
following tissues are dissected and pooled together from three different compartments: gonad (roe),
posterior adductor muscle and the remainder tissues.

4.1.2. LC-MS/MS Methodology

The method described here involves sample extraction with 100% methanol. A 2 g subsample
of homogenate is twice extracted with 100% methanol (2 × 9 mL) and centrifuged. Free OA, free
DTX-1, free DTX-2, PTX-1 and PTX-2 are determined by reverse phase liquid chromatography (LC)
coupled with mass spectrometry (MS). A gradient method is applied to separate and elute the toxins
in a single chromatographic run. A number of esters of the OA group are also analysed in this method,
including 7-O-acyl esters and diol-esters. To determine these esters, an alkaline hydrolysis step is
performed from 1 mL of the methanolic extract prior to analysis by LC-MS/MS. The step involves the
addition of 125 μl NaOH, heating in a water bath to 76 ◦C for 20 min, and the addition of 125 μl HCl.
This hydrolysis step converts any esters of the OA group toxins back to the original parent toxins OA,
DTX-1 and DTX-2, which can then be quantitatively measured. Both pre and post hydrolysis extracts
are analysed by LC-MS/MS. In recent years, the Marine Institute has validated the method to run on
ultra-performance (UP) LC-MS/MS instruments. The UPLC tandem mass spectrometry method has
been optimised and adapted from the methodology developed and validated by Dr. Arjen Gerssen [8].
The major changes to the published method are that the column used in this method is an Acquity
BEH C18 2.1 × 100mm 1.75μm particle size, and the mobile phase B is not pH adjusted to 11. These
changes were introduced to improve peak shape and repeatability.

4.1.3. Sample Results and Reporting

The lipophilic results for the DSP toxin group are usually available the day after sample receipt
and are published on the HABs website (https://webapps.marine.ie/habs). The DSP results are
reported as total OA equivalents in μg·g−1 total tissue, which is the overall calculated hydrolysed
result for OA and DTX-2 parent compounds. To calculate the results, a toxin equivalence factor of 0.6
is applied to DTX-2, a correction factor based on the % recovery of OA in certified reference material
is applied to OA, and a dilution factor of 1.25 is applied to the calculation due to the hydrolysis step
conducted on the sample.

For scallop samples, individual total OA equivalent results are reported for the individual dissected
tissues: the gonad (roe), posterior adductor muscle and remainder (including the hepatopancreas)
tissues. A calculated result for the whole tissue is also reported for scallop samples.

4.1.4. Chemistry Data Review and Result Interpretation

For the purposes of this review, the data was extracted from the Marine Institute’s Harmful Algal
Blooms (HABs) SQL Server database, which been in operation since 2001 and was used to record
both bioassay (up to 2011) and chemical results for all the toxin groups for all the samples submitted
for biotoxin analysis. The SQL queries were designed and run through a Microsoft Access front-end
application developed in-house. For the purposes of this review, only the results from samples
submitted from classified production areas have been reviewed and presented here. Sample results
from offshore areas have been excluded from this review.

In total, for the years 2009–2017, 129,324 records were retrieved from HABs, where each record
is an individual analysis for one of the compounds within the DSP group of toxins. This number of
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records equates to all the DSP analyses conducted on the 18,166 samples submitted in this time frame,
which is just over 2000 samples per annum tested for DSP. The records from 2009–2017 were reviewed
for OA, DTX-1 and DTX-2. Records for the esters of these parent compounds were available from
May 2011–2017. For the PTX group, 33,699 records were retrieved, which equates to 11,079 samples
analysed for PTX-1 and PTX-2, expressed as PTX equivalents.

The records were reviewed to observe the seasonal occurrence and geographic distribution of the
individual DSP isomers. All the toxin concentrations are expressed as μg·g−1, and only quantifiable
concentrations have been plotted in our figures. Any samples assigned values of <limit of detection or
<limit of quantification have not been included in this review.

From an overall monitoring perspective and to assess the number of sites closed, data were also
extracted from HABs to show the total number of samples that were above the regulatory levels, the
site and species being assigned a ‘closed status’, and their geographic region during 2009–2017 to
observe if the number of closures were increasing over this time period. These closure records only
relate to the presence of DSP above the regulatory levels (>0.16 μg·g−1 total OA equivalents) and do
not include the closures in place during 2009–2017 attributed to the presence of other toxin groups
Azaspiracid shellfish poisoning (AZP), Paralytic Shellfish poisoning (PSP) and Amnesic shellfish
poisoning (ASP).

4.2. Phytoplankton National Monitoring Programme in Ireland

4.2.1. Sample Collection, Transport and Delivery

Water samples are collected weekly for phytoplankton analysis in all shellfish production
areas around the country. The Sea Fisheries Protection Agency (SFPA) is the governmental agency
responsible for the coordination of sampling in these areas.

The samples are collected using a variety of methods, depending on the sampling site, tides
and the type of shellfish grown in the area. Our preferred sampling method is the integrated sample
using Lund tubes, but other techniques are also allowed, such as surface and discrete depth sampling
using Niskin bottles. Generally, areas growing mussels on longline ropes use integrated sampling to
sample the whole water column whereas in tidal sites with shallow depths and growing shellfish on
the seabed, a surface or discrete depth sample is more pertinent at high tide. The Marine Institute
furnishes samplers with all the required materials for collecting samples and training them on how
best to take these and how to preserve, label and transport them safely. The Marine Institute in Ireland
receives the samples generally one day after the sample collection.

4.2.2. Sample Analysis

The Irish Phytoplankton programme uses 25 mL volume sedimentation chambers for water
sample analysis, using the Utermöhl test method [14]. At least 12 h of settlement is necessary for this
volume before the analysis commences. The Marine Institute uses inverted light microscopy with a
range of objectives and optical properties to identify and enumerate the species found.

The full phytoplankton community analysis is carried out in over 40 sampling sites for a total
of 85, covering all the bays around the country. The other 40–45 samples are analysed for toxic only
species and the presence/absence of non-toxic ones. This means that all the toxic species, including all
the Dinophysis genera, are identified in all the samples.

4.2.3. Sample Results and Reporting

The samples are analysed within a day of sample settlement, and the results are reported regularly
in our publicly available Harmful Algal Bloom (HAB) database. The results are available online within
the same day of analysis. The cell densities are reported in cells per litre, and the genus Dinophysis is
identified to the species level.
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4.2.4. Harmful Algal Bloom (HAB) Database Phytoplankton Data Extraction

The HAB database was commissioned in November 2002, and for this review, the data from the
period of 2005 to the end of 2017 was used. There is previous phytoplankton data available for Ireland
in different formats before this date, going as far back as 1985 in previous databases.

The database was queried through Microsoft Access software and exported to Microsoft Excel
spreadsheets. This review used data from 25,595 samples analysed and 346,186 species recorded
during this period, 5980 of which were Dinophysis spp.

In order to review all the data, the country was divided into different geographical areas: east,
southeast, south, southwest, west and northwest in a clockwise direction instead of studying individual
sites or bays.

The eastern region extends to the north at Carlingford Lough (Cranfield House) in the frontier
between the Republic and Northern Ireland in the Irish Sea, extends south to just above Wexford
Harbour and includes the counties of Louth, Dublin and Meath. The southeast region starts at
Cahore Point in Wexford bay and extend south towards the Celtic Sea to Wexford harbour, Rosslare,
Waterford Harbour and Dungarvan to Helvick Head. The southern region extends from Helvick Head
in Waterford to the west to Beacon Point to the Baltimore production area. This is mainly South County
Cork including Youghal Bay, Cork Harbour, Oysterhaven, Kinsale and Roscarberry. The southwestern
region starts in Baltimore and includes the southwest of Ireland, Counties Cork, Kerry and ends
at Ballylongford. The western region starts at the Shannon Estuary in County Clare and extends
northwards to Bellmullet Head at Dunanieran Point in Broadhaven North. The northwestern region
commences here in North Mayo and extends northwards and eastwards to Lough Foyle in County
Derry, on the border with Northern Ireland.

The biological data shown here has been normalised to account for the differences in the number
of sites per geographical area, the sampling frequency and the number of years that samples have
been collected. The best sites collect samples weekly all year-round and have been active since 2005,
the starting point of our historical review. These conditions are not met by all the sites as these have a
tendency to change overtime, where new sites start operating and others discontinue after many years.

The east (8 sites), southeast (8 sites) and south (7 sites) have only a small number of production
areas compared with the southwest (46 sites), west (60 sites) and northwest (38 sites). So, only the top
sampling sites (5–10 sites) for each region, based on the conditions above, were chosen to compare the
total number of observations and the ratios of D. acuminata and D. acuta for each area.

To make this comparison, we first calculated the total number of samples per site by multiplying
the average number of samples per year by the total number of years. The sum of all the samples
collected over this period in the southern region sites was 1500, the lowest number in all the regions.
The rule of three was used to calculate the total number of observations of D. acuminata and D. acuta in
each region by multiplying 1500 by the total number of observations and dividing by the total number
of samples for that region. Then, the ratio between the species was calculated using these values.
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Abstract: Diarrhetic shellfish toxins produced by the dinoflagellate genus Dinophysis are a major
problem for the shellfish industry worldwide. Separate species of the genus have been associated
with the production of different analogues of the okadaic acid group of toxins. To evaluate the spatial
and temporal variability of Dinophysis species and toxins in the important shellfish-harvesting region
of the Scottish west coast, we analysed data collected from 1996 to 2017 in two contrasting locations:
Loch Ewe and the Clyde Sea. Seasonal studies were also undertaken, in Loch Ewe in both 2001 and
2002, and in the Clyde in 2015. Dinophysis acuminata was present throughout the growing season
during every year of the study, with blooms typically occurring between May and September at
both locations. The appearance of D. acuta was interannually sporadic and, when present, was most
abundant in the late summer and autumn. The Clyde field study in 2015 indicated the importance of
a temperature front in the formation of a D. acuta bloom. A shift in toxin profiles of common mussels
(Mytilus edulis) tested during regulatory monitoring was evident, with a proportional decrease
in okadaic acid (OA) and dinophysistoxin-1 (DTX1) and an increase in dinophysistoxin-2 (DTX2)
occurring when D. acuta became dominant. Routine enumeration of Dinophysis to species level could
provide early warning of potential contamination of shellfish with DTX2 and thus determine the
choice of the most suitable kit for effective end-product testing.

Keywords: Dinophysis; HAB monitoring; DSP toxins; aquaculture; shellfish toxicity; human health;
time-series; seasonality; Scotland

Key Contribution: Long-term variation in seasonality and abundance of Dinophysis spp.; association
with specific toxins in bivalve shellfish and potential impact on industry.

1. Introduction

Naturally occurring harmful algal blooms (HABs) are known to have an adverse effect on shellfish
industries worldwide, with toxic contamination of shellfish from these events potentially resulting in
both human illness and a detrimental impact on the often-fragile economies of rural areas [1]. Despite
regulatory monitoring, the accumulation of toxins in shellfish has led to occasional reports of sickness,
with relatively infrequent outbreaks of phytoplankton-generated Diarrhetic Shellfish Poisoning (DSP)
around Europe and elsewhere since it was first reported from The Netherlands in the 1960s [2–4].
In the UK, DSP was associated with the ingestion of imported mussels (Mytilus spp.) in 1994 and
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with UK common (blue) mussels (Mytilus edulis) obtained from an unauthorised site in 1997 [5–7].
Common (blue) mussels harvested in Scotland were also linked to 159 cases of DSP in 2006 [8,9] and a
further 70 reported cases in 2013 [10]. While these events are relatively few in number, their impact on
consumer confidence and industry sustainability is significant.

To mitigate the risk of human illness caused by the consumption of contaminated shellfish,
European Union regulations require EU Member States to have regulatory programmes in place
to monitor the presence of both marine biotoxins in shellfish production areas and the causative
phytoplankton [11]. In the UK, toxin testing of shellfish tissue is supported by the analysis of seawater
samples for the presence of toxin-producing phytoplankton and results delivered by the monitoring
programmes are used to make decisions regarding the opening and closure of classified shellfish
harvesting areas. In Scotland, this information is also used by the aquaculture industry to make
informed decisions, following guidance issued to harvesters by Food Standards Scotland (FSS) in
2014 [12], which may lead to either an increase in end-product testing to ensure the safety of shellfish
placed on the market, or a voluntary cessation of harvesting.

Between 2012 and 2017, an average of over 2700 tests have been carried out each year on bivalves,
around 70% of which were common (blue) mussels, collected from approximately 80 classified shellfish
harvesting areas in Scottish coastal waters. One of the main causes for concern is the presence
of lipophilic toxins, some of which cause DSP. The accumulation of these toxins in shellfish is a
major problem for the aquaculture industry in Scotland. Since routine monitoring for these toxins
began in 1998 using the mouse bioassay (MBA) [13], extensive harvesting closures that can last for
several months in some areas have been enforced. The DSP toxins include okadaic acid (OA) and
the dinophysis toxins, dinophysistoxin-1 (DTX1) and dinophysistoxin-2 (DTX2), henceforth referred
to as the OA group toxins. The group collectively known as DTX3 are derivatives of OA, DTX1 and
DTX2, esterified with saturated and unsaturated fatty acids [9] and the chemical structure of these
toxins is described in detail elsewhere [9,14]. The relative potency of the toxins within the OA group
differs, with the toxic potential of DTX1 being similar to that of OA, although both are more toxic than
DTX2 [9]. Hence, a Toxicity Equivalency Factor of 0.6 is used for DTX2. The use of the MBA method
meant that individual OA group toxins could not be routinely identified and previous information
on the presence of these toxins came from research studies using LC-MS [13,15]. The introduction of
LC-MS/MS methodology into the regulatory toxin testing in July 2011 provided the scope to assess
the presence of this toxin group on a regional and temporal scale [16]. The OA group toxins are
responsible for most of the toxin contamination in Scottish bivalves and the maximum permitted level
(MPL) in harvestable shellfish is 160 μg okadaic acid equivalent per kg shellfish flesh (OA eq./kg) [9].
The percentage of shellfish tissue samples with OA group toxicity reported above the regulatory limit
fluctuates by year [16] and between 2012 and 2017, it varied between 2.2% (in 2017) and 11.5% (in 2013),
with annual maximum amounts of total OA group equivalent toxicity ranging from 694 μg OA eq./kg
in 2017 to 4993 μg OA eq./kg in 2013. The exceptionally high toxin maximum from a production area
in the Shetland Islands in 2013 resulted in an outbreak of DSP [10].

A number of causative phytoplankton species are associated with lipophilic toxins and those
connected with the OA group toxins belong to the order Dinophysiales and include the genera
Dinophysis Ehrenberg and Phalacroma Stein. Algal cells in this order are routinely identified using light
microscopy in regulatory monitoring programmes. In Scottish waters they are currently reported as
total Dinophysis spp. with an ‘alert’ threshold set at 100 cells/L, to ensure testing of shellfish for the
presence of biotoxins. The species concept within Dinophysis is not clearly defined [17,18] and a certain
amount of gradation in character traits can lead to morphological ambiguity. Differences in cell shape
and size have been attributed to geographic variation, environmental selection, feeding behaviour and
life cycle [19]. Stern et al. [18] examined the genetic sequences of cells from Scottish coastal waters
with morphologies that appeared to belong to the D. acuminata complex and identified the presence
of both D. acuminata Claparéde & Lachmann and D. ovum and also confirmed the dominance of D.
acuminata during late spring/summer. The other main species observed is D. acuta Ehrenberg but with
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considerable interannual variability in abundance [1]. Blooms dominated by D. acuta have occasionally
been recorded, as was the case for 2001 and 2002 in Scapa Bay in Orkney [13]. Dinophysis dens is
sometimes observed at low concentrations in blooms of D. acuta and is now regarded as a life-stage of
D. acuta [20,21]. Phalacroma rotundatum is also regularly detected around the Scottish coast but again at
low concentrations rarely exceeding 100 cells/L. Although it has been found to contain toxins, there is
some evidence that it may not be a toxin-producer itself but may instead act as a vector [22].

Another known producer of diarrhetic shellfish toxins (DSTs) is the benthic dinoflagellate
Prorocentrum lima. This species is detected more often in the sandy sediments of shallow bays where
oyster cultivation takes place, although it can also grow epiphytically [23]. Prorocentrum lima is recorded
sporadically in integrated water column samples but cell counts are likely to be underestimated using
this method and it is generally more frequently observed in samples obtained by bucket. Analysis of
the data obtained through the Scottish monitoring programme failed to establish a clear link between
the presence of DSP toxins in bivalve molluscs and the abundance of P. lima (Scottish Association for
Marine Science (SAMS) unpublished data). Hence this study is focused on the apparent link between
DSTs in shellfish and the presence of Dinophysis.

In order to understand variability within the Dinophysis population and its influence on toxin
accumulation in bivalve molluscs, this study was undertaken to investigate the annual and seasonal
variation of Dinophysis spp. and associated toxins in two important shellfish harvesting regions on the
west coast of Scotland, Loch Ewe and the Firth of Clyde (Figure 1). Hence, the risks to human health
associated with changes in species composition of blooms can be evaluated.

Figure 1. Maps of Scotland (a) and the study area showing the location of the Firth of Clyde and the
official control monitoring sites for phytoplankton and shellfish (b), indicated by the white circles (A =
Campbeltown Loch, B = Loch Striven, C = Loch Fyne: Ardkinglas, D = Loch Fyne: Otter Ferry and
E = Barassie). Mussels are harvested at sites A, B and C, Pacific oysters at site D and razor clams at
site E. The black circles (numbered 1 to 12) show the location of the additional phytoplankton samples
obtained from the research survey conducted in early September 2015. The location of the long-term
monitoring site at Loch Ewe is indicated in (a).
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2. Results

2.1. Loch Ewe

2.1.1. Dinophysis Abundance

The abundance of Dinophysis in Loch Ewe between 1996 and 2017 varied considerably by month
and between years. Dinophysis acuminata was recorded during the phytoplankton growing season
(spring/summer) every year and in some instances during the winter months as well. Counts at or
exceeding the ‘alert’ threshold that triggers shellfish toxin testing (100 cells/L) were obtained from
March to November but the species was typically most abundant between May and August (Figure 2a).
By contrast, D. acuta was never recorded between January and March, was detected above the ‘alert’
threshold from May to September but was most abundant between July and September (Figure 2b),
with D. acuminata cells often present in the community at the same time. Bloom densities were not
consistent between years, with D. acuminata typically recorded at maximum annual densities of less
than 3000 cells/L but with some notable blooms in 2003, 2015 and 2016, when cell densities reached
4940 cells/L, 9540 cells/L and 24,340 cells/L, respectively. Dinophysis acuta was generally much less
abundant, apart from an increase in cell densities between 1999 and 2002, including an exceptional
bloom of 8040 cells/L recorded in August 2000.

(a) (b) 

Figure 2. Maximum abundance by month for (a) D. acuminata and (b) D. acuta in phytoplankton
samples obtained from Loch Ewe (NW Scotland) between 1996 and 2017, based on the analysis of 1797
records. The dashed circle in (a) represents a dense bloom of D. acuminata recorded in Loch Ewe in
2016 (24,340 cells/L).

2.1.2. Toxin Concentration in Shellfish

LC-MS analysis was carried out on samples of common mussel tissue obtained from Loch Ewe in
2001 and 2002, coinciding with blooms of Dinophysis. For the 2001 investigation, DTX1 and DTX2 were
recorded as being either present or absent, although OA was quantified. Weekly sampling occurred
in 2001 and OA group toxins were detected in mussels, with the concentration of OA reaching a
maximum value of 141 μg/kg in early June (week 22), associated with a bloom of D. acuminata of
density 2980 cells/L in the preceding week (Figure 3). DTX2 was recorded as absent until early August
(week 31), following a bloom of D. acuta at a density of 3900 cells/L in mid July (week 29). DTX1 was
only detected on one occasion, also in week 31. In 2002 the sampling frequency in Loch Ewe was
increased to twice a week. Both species of Dinophysis were less abundant, although D. acuminata levels
began to increase from around mid May, reaching a maximum value of 573 cells/L in mid June (week
25), whereas D. acuta reached a maximum abundance of 447 cells/L in early August (latter half of
week 31) (Figure 4a). Okadaic acid was detected in mussels in every week continuously from late May
until mid October but DTX1 was infrequently detected and mostly occurred in June when D. acuminata
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was the dominant species (Figure 4b). DTX2 was more associated with D. acuta (Figure 4d) and was
absent until mid July (latter half of week 28), reaching a maximum value of 186 μg/kg one week
after the D. acuta bloom peak of 447 cells/L. The apparent delay in toxin accumulation in the mussels
following the Dinophysis blooms (Figure 4c,d) was investigated using a non-parametric Spearman’s
Rank-Order Correlation. The relationships between the individual toxins, OA and DTX2 and the
abundance of both D. acuminata and D. acuta were explored over time, with lags of between 0 and
3 weeks at half-weekly intervals. A strong positive correlation was identified between D. acuminata
and OA throughout the bloom period, reaching a maximum value with a two-week lag (rs = 0.815,
p < 0.001). We found no significant correlation between D. acuminata and DTX2. A strong positive
correlation was also identified between D. acuta and OA throughout the bloom period but as both D.
acuminata and D. acuta were present at the same time throughout most of the summer, it is difficult to
discriminate the toxin contribution from each individual species. However, D. acuta was significantly
correlated with DTX2, reaching a maximum value with a lag of 1.5 weeks (rs = 0.569, p < 0.001).

 
Figure 3. Stacked bar chart showing the abundance of D. acuminata and D. acuta and okadaic acid in
common mussels from Loch Ewe during 2001. Cell counts were averaged for triplicate sub-samples
every week. DTX1 and DTX2 were recorded as being either present or absent and are indicated
by symbols.
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(a) (c)

(b) (d)

Figure 4. Abundances of D. acuminata and D. acuta in Loch Ewe during 2002 are shown in (a).
Cell counts were averaged from triplicate sub-samples collected twice a week. Toxin concentrations
in common mussels for the corresponding weeks are shown in (b). The relationships between D.
acuminata and OA and between D. acuta and DTX2 are shown in (c,d), respectively.

(a) (b) 

Figure 5. Maximum abundance of (a) D. acuminata and (b) D. acuta recorded at monitoring sites around
the Firth of Clyde between 1996 and 2017, based on the analysis of 1001 records from eight sampling
locations. The dashed circles in (a) represent dense blooms of D. acuminata observed in Loch Fyne:
Ardkinglas (Site C in Figure 1b) in 2016 (85,760 cells/L) and 2017 (180,289 cells/L).
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Figure 6. Left hand column shows the abundance of D. acuminata and D. acuta at official control
monitoring sites and total OA group toxin equivalent (yellow circles) detected in shellfish between May
and December 2015. Right hand column shows the contribution of OA, DTX1 and DTX2 (including
esters) to the total OA group value (Toxicity Equivalency Factor of 0.6 applied to DTX2). No testing for
lipophilic toxins was performed in late May and early June at the three mussel sites (A, B and C) due to
the presence of paralytic shellfish toxins above the regulatory limit.
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2.2. Firth of Clyde

2.2.1. Dinophysis Abundance

Time-series data collected between 1996 and 2017 from eight sampling locations around the Firth
of Clyde and associated sea lochs showed a greater variability in D. acuminata abundance (Figure 5a).
As in Loch Ewe, this species was detected in every month of the year, although this was not the case for
every year and with above ‘alert’ threshold events from March to October. Some exceptionally dense
blooms were observed in 1999, 2009, 2016 and 2017, with recorded cell densities of 13,860 cells/L,
13,260 cells/L, 85,760 cells/L and 180,289 cells/L, respectively. Apart from the 1999 bloom recorded
in Loch Striven (Figure 1b, site B), the other dense blooms were all detected in upper Loch Fyne:
Ardkinglas (Figure 1b, site C). Dinophysis acuta in the Firth of Clyde (Figure 5b) showed a similar
profile to that in Loch Ewe, with cell counts also highest between July and September. Interannual
variability was evident, with the densest D. acuta blooms occurring between 1999 and 2002 and again
between 2012 and 2016, coinciding with an increase in D. acuta blooms further north in Loch Ewe.

A detailed examination of data obtained from the regulatory monitoring sites around the Firth
of Clyde in 2015 also showed distinct patterns of abundance and seasonality for D. acuminata and D.
acuta (Figure 6). Phytoplankton counts identified a bloom of predominantly D. acuminata widespread
throughout the area from late May into mid July 2015. The highest recorded densities were 3540 cells/L
at Barassie (Site E) on 2 June, 1080 cells/L at Loch Fyne: Otter Ferry (Site D) on 9 June and 2980 cells/L
further up Loch Fyne at Ardkinglas (Site C) on 7 July. During this early part of summer at most of the
sites, the Dinophysis population was exclusively D. acuminata. However, a mixed bloom of D. acuminata
and D. acuta was observed in Campbeltown Loch (Site A) on 13 July, with cell abundances of 520
and 420 cells/L, respectively. Subsequently, D. acuta dominated the Dinophysis in Campbeltown Loch,
reaching a maximum of 920 cells/L on 7 September. An increase in the abundance of D. acuta was also
noted at all the other monitoring sites from around mid August, with a maximum bloom density of
1780 cells/L detected at Barassie on 25 August. Although regulatory phytoplankton monitoring did
not begin in Loch Striven (Site B) until 15 September and Dinophysis counts throughout the whole area
were relatively low by this time, many empty D. acuta theca were observed, indicating that the bloom
had extended into Loch Striven in the preceding weeks.

Data from the September 2015 research cruise in the Firth of Clyde were consistent with the
phytoplankton data from the regulatory monitoring sites. Figure 7a shows that D. acuminata was not
particularly abundant in the samples from the cruise transect, with a maximum density of 200 cells/L
recorded at Stations S7 and S11, to the seaward side of a marked temperature front between stations S6
and S7 [24]. The front was characterized by a body of cooler water located between Stations S4 and S6,
with temperatures either side of the front being, on average, approximately 1 ◦C higher. By contrast,
densities of D. acuta were more than ten times greater, with a peak abundance of 2840 cells/L at Station
S7 near the mouth of Loch Fyne. There were no depth-related trends for either species but the highest
densities of D. acuta were found in Stations S7 and S8 (Figure 7b), also coincident with the temperature
front and on the seaward side. Abundance of D. acuta did not exceed 140 cells/L within Loch Fyne
itself (Stations S1–S6).
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(a) (b) 

Figure 7. Abundance of (a) D. acuminata and (b) D. acuta in phytoplankton samples obtained from the
research survey in early September. Stations S1 to S6 are in Loch Fyne and stations S7 to S12 are the
more open waters of the Firth of Clyde (see Figure 1b). The temperature front between stations S6 and
S7 is represented by a dashed line.

2.2.2. Okadaic Acid Group Equivalent Toxicity and Toxin Concentration in Shellfish

Figure 6 shows the variability in overall OA group toxicity in shellfish tissue collected from the
regulatory monitoring sites around the Firth of Clyde between May and December 2015. The highest
total toxin equivalent levels were recorded in mussels, with a value of 601 μg OA eq./kg reported
in samples collected from Campbeltown Loch (Site A) on 7 September, coinciding with the peak
abundance of D. acuta recorded at this site. A value of 457 μg OA eq./kg was reported, also in mussels,
from Loch Fyne: Ardkinglas (Site C) a week after the dense bloom of 2980 cells/L of D. acuminata
on 7 July. Okadaic acid group equivalent toxicity was lower in Pacific oysters and razor clams and
the period of contamination was shorter, compared with that of the mussels. Two distinct OA group
peaks were observed in Pacific oysters from Loch Fyne: Otter Ferry (Site D), the first peak of 69 μg OA
eq./kg coinciding with the D. acuminata bloom of 1080 cells/L on 9 June and the second peak of 77 μg
OA eq./kg on 1 September, following an increase in D. acuta in the preceding week. The maximum
reported OA group equivalent toxin value in razor clams from Barassie (Site E) was much lower than
in other shellfish species. Okadaic acid group toxicity at 17 μg OA eq./kg was detected in a razor
clam sample collected on 14 September, three weeks after a bloom of density 1980 cells/L that was
composed of about 90% D. acuta. The earlier D. acuminata bloom at this site of 3540 cells/L recorded
on 2 June did not appear to have any associated toxin contamination of shellfish. The detection of
OA group toxins in mussels, including those from other biotoxin monitoring sites around the Firth of
Clyde, continued for an extended period throughout autumn and into the winter months despite the
absence of any causative organism by this time.

The proportion of each toxin analogue within the OA group changed over time for the three
mussel sites A, B and C (Figure 8a). June mussel samples contained approximately 83% OA in both
free and ester form, which decreased over time but was still present in December samples, contributing
approximately 18% to the total OA group toxins by this time. Low levels of DTX1 were also recorded,
with a maximum contribution of about 23% during May, declining to below the reporting limit by
November. Concentrations of total OA and total DTX1 were detected at maximum values of 389 μg/kg
and 85 μg/kg, respectively from mussels collected at Loch Fyne: Ardkinglas in mid and late July
2015 (Figure 6). These elevated levels of OA and DTX1 appeared to follow the bloom of D. acuminata
of density 2980 cells/L in early July. The DTX2 contribution increased from approximately 1% of
the total OA group toxins in June to almost 82% by December (Figure 8a). The highest recorded
amount of DTX2 was 581 μg/kg (with Toxicity Equivalency Factor value of 349 μg/kg), detected in
mussels from Campbeltown Loch in late September 2015 (Figure 6). A greater proportion of the OA
detected between May and July was in ester form (Figure 8b), with a ratio of 2:1 for esters:free but more
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similar proportions of free OA and OA esters were present in samples between August and October.
Both DTX1 and DTX2 were detected mostly in free forms, except in May when DTX1 was all in ester
form. Although low levels of pectenotoxins (PTXs) have previously been detected in mussels from
Loch Fyne in 2009 during a bloom of predominantly D. acuminata [25], none were found in this study.

(a) (b)

Figure 8. Mean percentage contribution of OA analogues and derivatives to total OA group toxins
in mussels from sites A, B and C in the Firth of Clyde between May and December 2015 (a).
For comparative purposes, the typical profiles obtained for mussels from Great Britain (GB1, GB2 and
GB3) in the study by Johnson et al. [26] are also shown. (b) shows the proportion of free and esterified
forms of each OA group toxin detected in the Firth of Clyde mussels.

3. Discussion

3.1. Environmental Influences on Seasonality and Abundance of Dinophysis

Both Dinophysis acuminata and D. acuta are regularly detected in the coastal waters of the North
East Atlantic and the presence of these species, even at relatively low concentrations, results in a
high incidence of shellfish contaminated with DSP toxins along the European Atlantic coast [2,27,28].
In Scottish coastal waters, maximum bloom densities of Dinophysis surveyed through the official
control regulatory monitoring programme over the past 20 years have typically been in the region
of 2000–10,000 cells/L, with infrequent observations of much denser patches, often in relatively
enclosed areas. Dinophysis tends to be most abundant between May and September, prior to a late
autumn decrease in line with the reduction in light levels associated with winter in temperate latitudes.
The greatest Dinophysis cell densities in Scottish waters that usually occur between June and August
are mainly composed of cells belonging to the D. acuminata complex. Dinophysis acuta blooms are
observed less frequently than those of D. acuminata and tend to occur later in the year, typically from
July onwards.

Our detailed analysis of the Clyde Sea sites and Loch Ewe conducted here concurs with the above
qualitative assessment, indicating a dominance of D. acuminata in spring/summer with, in some years
only, a switch to D. acuta dominance in late summer or autumn. Such temporal patterns have been
observed elsewhere, for example along the Iberian shelf where the development of D. acuminata blooms
usually begin in early March with the growth season extending until the autumnal transition from
upwelling to downwelling [27–29]. In this region, D. acuta tends to occur in late summer-early autumn,
although not every year, and has been associated with exceptionally hot summers [30] followed by
a brief period of upwelling activity, leading to highly stratified conditions [2,21,28,31]. Blooms of D.
acuta occurred between 1999 and 2002 in both Loch Ewe and around the Firth of Clyde with further
occurrences in the Clyde and, to a lesser extent, Loch Ewe between 2014 and 2016. While the patterns

33



Toxins 2018, 10, 399

of upwelling/downwelling that occur in Iberia are not a characteristic of Scottish waters, D. acuta
blooms typically occur when seasonal stratification of the water column is likely [32,33].

Long-term variation in Dinophysis may be linked to climate [34,35]. Based on a modelling study,
Gobler et al. [36] proposed that ocean warming had increased the growth rate and duration of the
bloom season of D. acuminata over the period 1982–2006 in the North East Atlantic around the UK.
However, following analysis of data from the Continuous Plankton Recorder (CPR) from the region,
Dees et al. [37] did not find any increase in the number or annual duration of Dinophysis blooms.
While the greatest number of D. acuminata above threshold counts occurred in each of the last three
years (2015–2017), our results (Figures 2 and 5), albeit over a shorter timescale than that modelled by
Gobler et al. [36], concur with the conclusion that there is no clear temporal increase in D. acuminata
blooms. Our results for D. acuta also lead to a similar conclusion for this species.

In 2015 Dinophysis in the Firth of Clyde followed the typical pattern of an increase in D. acuminata
through early summer, followed by a rise in the abundance of D. acuta in late summer and early
autumn. Our boat-based field survey identified a pronounced temperature front between Stations S6
and S7 near the mouth of Loch Fyne. A substantial drop in nutrient concentrations across the front was
also observed [24]. Fronts are known to be associated with dinoflagellate blooms [38–40] and in this
case, we observed a separation of the phytoplankton community structure into distinct populations
on either side of the front [24] with the largest concentrations of D. acuta at Stations S7 and S8 to the
seaward side of the front (Figure 7), indicating that the front promoted the bloom or at least allowed
wind-blown cells to accumulate against it. Such behaviour is consistent with the conceptual model
of Smayda and Reynolds [41], who suggest that Dinophysis spp. are a transitional life form along the
onshore-offshore mixing nutrient gradient, seeming to prefer areas of less pronounced turbulence.
While they tolerate coastal upwelling sites and form modest blooms during periods of upwelling
relaxation, they are common in areas where there is greater seasonal stratification and lower nutrients.
Given that D. acuta blooms occurred in the same years in the geographically distinct Clyde Sea and
Loch Ewe, local processes do not appear to control the bloom/non-bloom dynamics of this species
but are likely to govern the specific location of events and their magnitude. Similar behaviour has
also been reported from Irish waters with Raine et al. [42] noting that D. acuta mainly occurred in
stratified shelf waters in late summer and hypothesizing that D. acuta populations developed rapidly
close to tidal fronts where productivity is high. It is important to note that D. acuminata, although
present during our 2015 survey, did not bloom nor aggregate near the frontal region, confirming the
species-specific response to environmental forcing of the genus.

Other oceanographic conditions are also thought to be important in influencing Dinophysis
transport and bloom formation. For example, coastal jets have been linked to movement of Dinophysis
around the south-west of Ireland [40,43], with blooms being advected into coastal embayments through
wind-driven exchange of water masses [40]. Such advection may result in large toxic blooms through
physical accumulation rather than in situ growth [10,44]. Particle tracking model simulations by
Paterson et al. [24] suggested that D. acuta was advectively transported into the Clyde Sea from
the open sea of the North Channel. The model also predicted significant interannual differences in
advection are likely in the area, with the potential for cells to be more readily exchanged between
the outer waters of the Firth of Clyde and the enclosed waters of Loch Fyne (where aquaculture is
concentrated) in the absence of a front.

3.2. Dinophysis and Toxin Profiles

Our results demonstrate that transition from a D. acuminata to a D. acuta dominated community
in both the Clyde and Loch Ewe occurred on a number of occasions and influenced OA group toxicity
detected in a range of bivalve shellfish species collected during the bloom periods. The relationship
between Dinophysis abundance and accumulation of OA group toxins in shellfish can vary considerably
and there are many factors that will determine the amount of toxin ingested by the shellfish and the
rate of toxin depuration. These include the availability of other non-toxic phytoplankton species
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for filter feeding [45], the ingestion of other potentially toxic vector species and the location of the
bivalve in the water column, whether suspended from a raft or occupying the intertidal zone [46].
Bivalve contamination will also depend on the response of the shellfish to a specific phytoplankton
species or toxin [47,48] and the toxic potential of individual cells ingested, which may vary temporally,
geographically and in response to life stage and nutrient availability [2,49,50]. Toxin content can
vary within the same species collected from the same location at different times [51,52] and even
between cells of a single species within a daily cycle [51]. Different shellfish species are also known to
metabolize diarrhetic shellfish toxins differently [4,53] and mussels have been found to accumulate
higher levels of diarrhetic shellfish toxins than other species when exposed to the same algal bloom
conditions [4,53–58]. Consistent with this, the rope-grown mussels obtained from the Firth of Clyde in
2015 showed the highest level of OA group contamination. However, toxins in both Pacific oysters
and razor clams remained below the MPL throughout the Dinophysis bloom period.

Dinophysis has a worldwide distribution but separate species have been associated with the
production of different analogues of the OA group toxins, depending on geographic locality.
The relative timing and size of D. acuminata and D. acuta blooms is therefore of considerable significance
to the toxic contamination of shellfish that will likely result. Pectenotoxins have been identified as
a dominant component of the toxin profile in D. acuminata from New Zealand [59], Japan [60,61],
Chile [62,63], Argentina [64] and North America [49,63], with smaller amounts of OA and DTX1 also
present. In European waters, D. acuminata is more associated with the production of OA. Okadaic
acid has been linked to D. acuminata on the Swedish west coast [65] and in Denmark only OA and
OA esters were identified in blue mussels during a bloom of D. acuminata [66]. However, a further
study on Danish isolates showed strains of D. acuminata to produce only PTX2 and no OA or DTX [67].
Further south, OA was identified in D. acuminata samples collected in 1998 from north-west Spain and
cells obtained in September were found to have an OA concentration of more than double that of June
cells [68]. Blooms of D. acuminata in Portugal have also been associated with OA [69], as was a bloom
in the Bay of Seine (northern France) [70]. Our study is consistent with the geographical patterns
described above in demonstrating that D. acuminata blooms in Scottish coastal waters are associated
with toxin profiles in shellfish dominated by OA, with a smaller contribution from DTX1.

Pectenotoxins also dominated the toxin profile of D. acuta from New Zealand waters [59], with a
small amount of OA found but no DTX2. By contrast, various studies from around Spain, Portugal
and Ireland have associated the presence of D. acuta with DTX2. Both OA and DTX2 at an approximate
ratio of 3:2 were found in D. acuta collected from north-west Spain in 1997 [68] and DTX2, OA and
PTX2 were also present in isolates of D. acuta from the same area in 2005-6, with a fairly constant ratio
of 3:2 for OA:DTX2 [51] but with variations in toxin cell quota in different months [51]. Increased
levels of DTX2 in Portuguese shellfish during late summer and early autumn of 1994 and 1995 also
were associated with blooms of D. acuta [69]. Both DTX2 and OA in varying proportions were found
in D. acuta obtained from the Celtic Sea and the south coast of Ireland [71,72]. A further study in
the same area reported that D. acuta related concentrations of DTX2 and PTX2 were greater than OA
in all the samples analysed [73]. Further north, during a bloom of predominantly D. acuta off the
north-east coast of England in September 2002, mussels were found to contain 76% DTX2, 15% OA
and 9% PTX2 [74]. Johnson et al. [26] also identified a toxin profile for mussels collected around Great
Britain between 2011 and 2015 that contained DTX2 at 63%, with OA at 35% and a small amount of
DTX1 (<2%).

Our investigation of the Firth of Clyde 2015 event showed that the proportion of toxins
contributing to the OA group varied throughout the year, with more OA and DTX1 detected in
shellfish between May and August followed by an increase in DTX2, such that it was the dominant
toxin by early September. The increase in the abundance of D. acuta and its replacement of D. acuminata
as the dominant species contributed to a greater proportion of DTX2 contamination of shellfish in both
the Clyde in 2015 and Loch Ewe in 2001 and 2002. Some studies have hypothesized that blooms of
D. acuta may result in extended periods of toxic contamination of shellfish. Vale, 2004 [54], examined
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the elimination rates of OA and DTX2 in both mussels and oysters and concluded that DTX2 was
eliminated at a slower rate than OA in mussels, although the elimination rate of DTX2 in cockles was
similar to that of OA. Mussels from Loch Ewe (this study) remained contaminated with both DTX2
and OA into the winter of 2001, although only DTX2 was still present in mussels during winter 2002.
In the Clyde mussel samples, the proportion of free OA to esterified OA increased throughout the
summer months and DTX2 was predominantly present in non-esterified form. Our study revealed a
prolonged period of toxic contamination of shellfish in the absence of any causative organism, due to
the continuing presence of DTX2 and, to a lesser extent, OA in mussel and oyster samples through
the autumn and winter of 2015 in the Firth of Clyde. These results support the hypothesis proposed
by Vale, 2006 [55], that esterified forms of OA and DTX2 in mussels and clams are eliminated more
rapidly than free OA and DTX2 but that DTX2 is less esterified than OA in these species, leading to a
build-up of free DTX2.

Johnson et al. [26] examined the OA group toxin profiles in 98 samples of mussels obtained from
around Great Britain between 2011 and 2015 as part of the official control monitoring programme.
They identified three different toxin profiles, the first (GB1 in Figure 8a) being dominated by OA
in both free and ester form (about 86%), with a small amount of DTX1 (8%) and very little DTX2
(6%). The second profile (GB2) was also dominated by OA but with a higher proportion of OA in
ester form, approximately 59% compared to 36% in GB1. The third profile (GB3) contained a much
larger proportion of DTX2 (about 63%) present, mostly as free DTX2 (mean 58%). Pectenotoxins
were absent in all the mussel samples tested. Similarly, in an analysis of toxin profiles from various
shellfish species obtained around the coast of Scotland, England and Wales between 2011 and 2016,
Dhanji-Rapkova et al. [16] identified three distinct profiles, with Profile 1 being dominated by OA
(87%), Profile 2 more of a mix between OA (45%) and DTX2 (52%) and Profile 3 mostly composed
of DTX2 (85%). A comparison between the toxin profiles in mussels determined from the Johnson
et al. [26] investigation and the results obtained in the Firth of Clyde 2015 study (Figure 8) showed
that the toxin profiles obtained for mussels in June and July were very similar to the profile for GB2.
Okadaic acid contributed >80% to the total toxin content, with approximately twice as much OA in
ester form compared with free OA. However, the September and October toxin profiles showed a
much greater similarity with the profile for GB3 where DTX2 in both free and ester form contributed
>63% to the total toxic potential.

Food business operators are required through regulation to ensure that unsafe products are not
placed on the market and a number of relatively simple, rapid and inexpensive kits are commercially
available that are used by the shellfish industry to test for the presence of DSTs in harvested shellfish.
These use a variety of methods including quantitative enzyme linked immunosorbent assays, protein
phosphatase inhibition assays and qualitative lateral flow immunoassays. The investigation by Johnson
et al. [26] examined four of these rapid test kits to compare their performance with the results obtained
by the official control method (LC-MS/MS) for a threshold of 80 μg OA eq./kg, which is half the MPL
of OA group equivalent toxicity allowed in shellfish tissue. The authors found good agreement in the
results for both toxin profiles GB1 and GB2, recorded as either positive or negative for the 0.5 MPL
threshold but there was a larger proportion of false negatives for profile GB3 with the majority of
the rapid test kits. Generally, the results from the rapid test kits gave a reliable indication of OA
group toxin contamination in the mussels but performance was less accurate when there was a larger
proportion of DTX2 present.

4. Conclusions

Our results confirm that the species diversity within Dinophysis populations in Scottish waters
can vary interannually. Dinophysis acuminata is predominant in Scottish coastal waters and its presence
is associated with contamination of shellfish with OA and DTX1, although occasional blooms of D.
acuta can lead to prolonged contamination with DTX2. In some shellfish production areas, there is
often a limited “window of opportunity” for harvesting between site closures due to spring/early
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summer contamination with paralytic shellfish toxins and those caused by diarrhetic shellfish toxins in
mid/late summer. The decision to harvest may be based on a negative result returned by a rapid test
kit if the tissue sample contains a high proportion of DTX2, although the regulatory LC-MS/MS test
could return a positive result for a similar sample. This can result in expensive product recalls and the
associated loss of consumer confidence for all shellfish products. Routine enumeration of Dinophysis
to species level could provide early warning of potential contamination of shellfish with DTX2 and
thus determine the choice of the most suitable kit for effective end-product testing. This would
provide better protection to the health of consumers and reduce the potential impact to the shellfish
aquaculture industry.

5. Materials and Methods

5.1. Study Areas

The two study sites are both located on the west coast of Scotland, an area characterised by islands
and fjordic sea lochs that provide a sheltered location for much of Scotland’s aquaculture industry.
Loch Ewe is a fjordic sea loch on the Scottish west coast (Figure 1a), approximately 12 km long, with a
mean depth of around 21 m and a maximum depth of 73 m [75]. It has only a slightly discernible sill
at 33 m depth, resulting in it being associated with the more open waters of the North Minch [76,77].
Loch Ewe is part of the Scottish Coastal Observatory (SCObs) operated by Marine Science Scotland
(MSS) where multiple physical, chemical and biological parameters are collected on a weekly basis [78].
Further south, the Firth of Clyde is a large fjordic basin with a number of associated sea lochs. It opens
into the North Channel of the Irish Sea [79]. The regulatory monitoring points in this region were
located on the southern end of the Kintyre peninsula, on the eastern side of the Firth of Clyde near Ayr
and further north in Loch Striven and Loch Fyne (indicated by A-E in Figure 1b).

5.2. Phytoplankton Samples

Seawater samples were collected from classified shellfish production areas, the sampling method
being either a PVC sampling tube or a bucket, depending on the depth of water at each site.
The sampling tube allows for the collection of a depth-integrated water sample from 0–10 m.
A well-mixed 500 mL (SAMS) or 1 L (MSS) sub-sample of this water was fixed on site, to obtain
a final concentration of approximately 1% (SAMS) or 0.5% (MSS) acidic Lugol’s iodine and then
returned to the laboratory for analysis. The phytoplankton in a 50 mL sub-sample (detection limit
20 cells/L) was allowed to settle onto the base plate of a chamber for a minimum of 20 h before analysis,
following the method described by Utermöhl, 1958 [80]. Cells belonging to the order Dinophysiales
were identified and enumerated using inverted light microscopy and subsequent re-analysis of samples
allowed assignation of cells to species level where this had not been recorded during the original
routine analysis for the regulatory monitoring programme. Phytoplankton data collected through
regulatory monitoring by both MSS (1996 to June 2005) and SAMS (September 2005 onwards) were
examined to determine the prevalence and seasonality of D. acuminata and D. acuta in the Firth of
Clyde and at the long-term MSS SCObs site in Loch Ewe.

Supplementary phytoplankton data were also available from a research cruise that was conducted
between 8–9 September 2015 aboard RV Seòl Mara [24], with sampling taking place at stations around
the Clyde Sea and in Loch Fyne (Figure 1b). Oxygen, temperature, salinity and fluorescence were
recorded by CTD (SBE 19, Seabird Electronics) and water samples were collected by Niskin bottle into
500 mL opaque plastic bottles and preserved with acidic Lugol’s iodine. Three depths were sampled at
each station corresponding to surface, chlorophyll maximum and below the chlorophyll maximum,
guided by CTD in-situ fluorescence data. Samples were analysed for the presence of phytoplankton
following the Utermöhl method.
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5.3. Shellfish Samples

Shellfish species collected from around the Firth of Clyde consisted of common mussels (Mytilus
edulis), Pacific oysters (Magallana gigas) and razor clams (Ensis spp.) (Table 1). Samples were collected,
packaged and transported to the Centre for Environment, Fisheries and Aquaculture Science (Cefas)
within validated temperature-controlled containers, in accordance with Cefas guidance and protocols.
Enough shellfish, with a minimum of ten organisms per sample, were taken to provide a sample
characteristic of the Representative Monitoring Point (RMP) and a minimum weight of 100 g tissue
once the shellfish were shucked.

Table 1. Number of phytoplankton and shellfish samples collected from around the Firth of Clyde
between May and December 2015 and used in this study. The number of tissue samples containing
total OA group equivalent toxicity exceeding the Maximum Permitted Level (MPL) of 160 μg OA
eq./kg is also shown.

Site Shellfish Species
Phytoplankton

Samples
Tissue

Samples
OA group Equiv.
Toxicity > MPL

(A) Campbeltown Loch Common mussels 16 28 15
(B) Loch Striven Common mussels 6 22 9
(C) Loch Fyne: Ardkinglas Common mussels 19 29 9
(D) Loch Fyne: Otter Ferry Pacific oysters 19 31 0
(E) Barassie Razor clams 19 20 0

Okadaic acid group toxins present in shellfish tissue were determined using a method validated
at Cefas [81] based on that described by the EU Reference Method for lipophilic toxins, using liquid
chromatography tandem mass spectrometry (LC-MS/MS). This method has been used for official
control monitoring in the UK including Scotland since July 2011 [16]. Aliquots of 2.0 ± 0.01 g
shellfish tissue from each sample were subjected to a double extraction each using 9 mL of methanol.
Post-centrifugation, 0.2 μm filtered supernatants were subjected to both direct LC-MS/MS analysis and
an alkaline hydrolysis step to liberate the esterified OA group toxins [82]. Two Waters, Acquity and
Acquity I-class, (Waters Ltd., Manchester, UK) Ultra Performance Liquid Chromatographic (UPLC)
systems were coupled to Waters Xevo TQ and Xevo TQ-S MS/MS systems respectively. A high pH LC
method described by Gerssen et al. [14] was adopted with modifications [81]. Mobile phase A was
prepared from 2 mM ammonium bicarbonate adjusted to pH 11 ± 0.2 with ammonium hydroxide.
Mobile phase B was 2 mM ammonium bicarbonate in 90% acetonitrile, also adjusted to pH 11 ± 0.2
with ammonium hydroxide. On both systems, a Waters BEH C18 reverse phase UPLC column
(2.1 × 50 mm, 1.7 μm) was used in series with a pre-column VanGuard cartridge. The mobile phase
flow rate was held at 0.6 mL/min, with column temperatures, run times and injection volumes
optimised for the two instruments independently. MS/MS parameters used were those given by
Turner and Goya, 2015 [83].

Toxins in shellfish extracts were quantified against calibration solutions prepared from Certified
Reference Material (CRM) standards obtained from the Institute of Biotoxin Metrology, National
Research Council of Canada (NRCC). Chromatographic retention times together with two Selected
Reaction Monitoring (SRM) transitions, optimised for each toxin, were utilised for qualitative
identification of toxins, with the primary SRM used for quantitative purposes. Hydrolysed extracts
were analysed alongside the unhydrolysed filtrates to enable the quantitation of both free OA group
toxins (OA, DTX1 and DTX2) and OA group esters (DTX3s) [82]. Within the regulatory monitoring
programme, results are reported as total μg OA equivalent/kg, with a Toxicity Equivalency Factor
of 0.6 used for DTX2 [9]. Measurement uncertainty, determined for each shellfish species/toxin
analogue combination, is then applied to each quantifiable toxin concentration and used to calculate
an overall uncertainty for each total toxic potential estimation. As a precautionary measure, the higher
value is used to determine whether the total OA equivalent/kg exceeds the MPL, although actual
total OA equivalent/kg values are reported in this study. Okadaic acid group toxin values reported
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in excess of 400 μg OA eq./kg should be regarded as estimations, as such levels fall outside the
operationally-defined linear working range of the instrument.

Additional MSS data on OA group toxins in common mussels were also available for Loch Ewe
between 2001 and 2002 [13]. The concentrations of okadaic acid, DTX1 and DTX2 in 80% (v/v) aqueous
methanol shellfish extracts were determined using an API 150EX single quadrupole mass spectrometer,
equipped with a TurboIonspray source (Applied Biosystems, Warrington, UK). This was coupled to an
Agilent 1100 series HPLC system (Agilent Technologies, West Lothian, UK) comprising of a de-gasser,
quaternary pump and autosampler. A reversed-phase column was used for the analysis (Thermo
Hypersil C8 BDS, 50 × 2.1 mm, particle size 3 μm) with a 10 mm guard cartridge of the same stationary
phase. The isocratic mobile phase consisted of 2 mM ammonium formate with 50 mM formic acid in
50% (v/v) acetonitrile. The flow rate and run time for both analyses were 0.25 mL/min and 10 min
respectively. An aliquot of 5 μL was injected onto the analytical column. The mobile phase was directly
infused into the mass spectrometer after 1.5 min and the initial mobile phase was put to waste using a
switching valve.
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Abstract: In Andalusia, the official monitoring program for toxic phytoplankton and marine biotoxins
was launched in 1994 to comply with European legislation. Since then, there have been numerous
episodes of DST (Diarrhetic shellfish toxins) associated with the proliferation of Dinophysis species.
This article reviews two decades of time series data and assesses the effectiveness of the program
established. The testing of lipophilic toxins and toxic phytoplankton is based on official methods
harmonized and accredited since 2007 according to the standard UNE-EN-ISO 17025. The major
species of Dinophysis identified were D. acuminata complex, D. caudata, D. acuta and D. fortii, with the
main growth season being from early spring until the end of autumn. Both D. acuminata complex
and D. acuta have been clearly associated with toxicity in molluscs. Despite the complexity of data
obtained through monitoring programs, it is possible to provide early warning of potential health
risks for most situations. This is the first report of Dinophysis species and their relation to DST events
in a time series from Andalusia.

Keywords: Dinophysis; Diarrhetic shellfish toxins; marine biotoxins; blooms

Key Contribution: The analysis of the data has shown that not all the Dinophysis species identified in
Andalusia with proven toxic potential have so far been associated with DST outbreaks in molluscs

1. Introduction

The implementation of monitoring programs for marine biotoxins in the wake of the findings
of Yasumoto [1,2], at a scale dependent on the geographical scope of each competent administration,
started in Andalusia in 1994. These findings demonstrated a relationship between outbreaks of
diarrheal intoxication in humans, the ingestion of molluscs and the presence in the environment of
Dinophysis fortii that was identified as the producer of toxins responsible for poisoning. This led to the
monitoring programs to carry out both analysis of the mollusc toxin content and cell counts of the
phytoplankton species whose toxicity was proven over time.

The European regulations applicable concerning food security [3,4] lay down the basic requirements
and recommendations for the implementation of these programs. The program implemented in
Andalusia has observed the guidelines established for the definition of areas and the frequency of
monitoring. This study presents the data obtained from the start of monitoring and their analysis to
answer the following question: Are the regulatory requirements for the analysis of toxic phytoplankton
effective as an early-warning system for the risk of contamination in molluscs on the Andalusian coast?
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The identification of some species of Dinophysis has led to much discussion and many scientific
publications. The main issues have been reviewed by Reguera et al. [5]. Identification has been
carried out based on morphometric characteristics mainly using light microscopy (LM), but the
considerable intraspecific variability makes it difficult to clearly discriminate between some of the
species. Nevertheless, LM is the method most used by monitoring programs. In any case, in Andalusia,
the set of species given in the IOC Taxonomic Reference List of Toxic Microalgae [6] has been used as
the basis for monitoring, and the region has acted according to the principle of maximum food security
in situations of any doubt.

A group of new causative agents of shellfish poisoning, the Diarrhetic Shellfish Toxins (DST),
was isolated and their structures determined in the 1980s [1,2]. In Andalusia, many cases of DST
have been detected during the years of monitoring but not all the toxins in this group have been
individually characterized.

Accumulation of the toxicity produced by microalgae in filter-feeders has also been the subject
of study. However, important intra- and interspecific variability has been measured resulting from
causes such as differences in filtration and clearance rates [7,8] or from selection mechanisms based on
the quality and quantity of prey [9–11]. Such variability has become a parameter considered in the
monitoring program.

For more than 20 years, species of the genus Dinophysis have been commonly found in almost
all the sampling stations in Andalusia. The species clearly associated with toxicity phenomena in
molluscs, have been D. acuminata/D. ovum and D. acuta. The accumulation of toxins above permitted
levels triggers the activation of closure protocols for fisheries that can sometimes be prolonged for up
to 6 months. All the species of the genus identified in the samples that at some time have formed part
of the IOC list, are presented in this study along with toxicity levels of molluscs in each case when this
has occurred.

2. Results

The distribution of areas in Andalusia (see Section 4.1) represents the complete set of mollusc
habitats ranging in size between 12.6 ha and the 35,340.5 ha (average area 4842.4 ha). Smaller areas
correspond to the perimeter of areas where aquaculture facilities are located.

All the information presented in this study comes from the sampling stations located in the
above-mentioned areas. In each sampling, the choice of sampling points has been arbitrary within
each area, except in areas where physico-chemical measurements of the water were already being
made, at previously fixed points. Mollusc samples were usually selected at those points where there
was high fishing activity.

2.1. Species of the Genus Dinophysis

Twenty Dinophysis species out of more than 100 that make up the genus [12] were identified on the
Andalusian coast. Those Dinophysis cells considered gametes have been excluded from the reported
counts. Dinophysis cells not identified to species level are reported as Dinophysis spp. Table 1 provides
a species list along with the frequency of occurrence. The number of samples collected in the study
period (20 years) was 34,329.

The difficulty in discriminating between D. acuminata and D. ovum has led us to follow the example
of Lassus and Bardouil [13] or Bravo [14] who introduced the term “Dinophysis acuminata complex”
that encompasses both, reflecting its great morphological variability.
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Table 1. Species of the genus Dinophysis found in the samples. (34,329 samples).

Species Frequency in Atlantic (%) Frequency in Mediterranean (%)

Dinophysis acuminata Claparède & Lachmann, 1859 85.2 53.8
Dinophysis acuta Ehrenberg, 1839 19.4 9.6

Dinophysis argus (Phalacroma argus) F. Stein 1883 0.1 0.9
Dinophysis caudata Saville-Kent, 1881 54.7 55.3

Dinophysis amphora Balech 1971 <0.1 0
Dinophysis schroederi J. Pavillard 1909 0.2 0.9

Dinophysis cuneus (Phalacroma cuneus) F. Schütt 1895 0 0.1
Dinophysis doryphora (Phalacroma doryphorum) Stein 1883 0.2 0.9

Dinophysis fortii Pavillard, 1923 4.5 17.1
Dinophysis hastata F. Stein 1883 0.8 0.3

Dinophysis odiosa (Pavillard) Tai & Skogsberg 1934 3.3 0.5
Dinophysis pusilla Jörgensen 1923 <0.1 0.2

Dinophysis rapa (Phalacroma rapa) F. Stein 1883 0.2 6.8
Dinophysis sacculus Stein, 1883 2.5 2.7

Dinophysis schuettii G. Murray & Whitting 1899 4.7 5.6
Dinophysis similis Kofoid & Skogsberg 1928 <0.1 0.1

Dinophysis tripos Gourret, 1883 <0.1 2.1
Dinophysis mitra (Phalacroma mitra) F. Schütt, 1895 0.1 0.7

Phalacroma rotundatum (Dinophysis rotundata) (Claparéde &
Lachmann) Kofoid & Michener, 1911 12.5 5.1

Dinophysis ovum 1 (F. Schütt) T.H. Abé (1) (1)

Dinophysis spp. 42.2 46.2
1 Species identified from isolated specimens and kept in culture. Routinely, Dinophysis ovum are included in the
Dinophysis acuminata complex.

The species with the highest frequency were D. acuminata complex, D. caudata, D. acuta and D. fortii.
Nearly all the species were detected in both the Atlantic and the Mediterranean areas, but some

show marked differences in their repartition between the two areas. While D. acuminata complex,
D. acuta and D. rotundata (P. rotundatum) are more frequent on the Atlantic coast, D. fortii and D. rapa
(P. rapa) are more frequent in the Mediterranean Sea.

Taking into account that the sampling frequency was uniform all year long, it can be observed
that D. acuminata complex is present almost all throughout the year, although it does not always trigger
toxic outbreaks in molluscs (see Section 2.3).

The couple D. acuminata complex/D. caudata is frequent in the samples. In addition, it is
accompanied at times by D. acuta and D. fortii. Similar associations have already been reported in
temperate waters [5].

The set of species identified as Dinophysis spp. occurs very frequently in both sea areas.
Although these species not known to be toxic, unusual high concentrations of some of them activated
alert protocols.

2.2. Temporal Episodes of Dinophysis

The volume of data generated during the 20 years of monitoring subject to examination is very
high, and data processing is needed to condense the redundancies into manageable form.

Figure 1 shows the choice of the appropriate number of clusters, to summarize the data, through
the highest Simple Structure Index (SSI) [15]. It shows how the grouping of seven clusters best explains
the variance in the data taking up 12 SSI clusters at maximum.
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Figure 1. Optimizing the number of clusters through the SSI criterion. Number of samples analyzed 6659.

Figure 2 shows the distribution of the stations in the different groups. Appendix A (Figures A1–A7)
and Appendix B (Figures A8–A11) shows a historical series of 20 years of their abundance values,
along with toxin values in molluscs of a selected area of each cluster obtained.

Figure 2. Result of the cluster analysis using the k-means non-hierarchical method. The areas excluded
from the analysis (marqued with an “x”) are those in which the presence of Dinophysis was detected
with a very low frequency for various reasons: impossibility of quantifying samples due to organic
matter or areas of low sampling frequency due to the absence of extractive activity.

As discussed in the previous section, the most frequent species in the coast of Andalusia are
D. acuminata complex, D. caudata, D. acuta and D. fortii. Of these, D. acuminata complex and D. acuta are
the only ones which have been partnered by co-occurrence with episodes of DST. Thus, the description
of episodes presented in this work will be focused on both species.

Although D. acuminata complex is present almost all year round, the more substantial episodes
are usually produced as a succession of between one and three pulses from the beginning of spring
until the end of autumn. The period of growth of D. acuta is, however, more reduced, from summer to
early autumn. Although the pattern mentioned for D. acuminata complex has been repeated in all the
years of monitoring, D. acuta does not present such a recurrence, and they generally disappear for
one or more years. The patterns found show similarity between different years of monitoring, while
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the abundance reached determines the degree of difference. Figure 3 shows the maximum levels of
abundance where the difference can be seen.

Figure 3. Annual maximum concentration (cells/L) of Dinophysis acuminata complex and Dinophysis
acuta in each cluster throughout the monitoring period.

48



Toxins 2019, 11, 189

Although the presence of D. acuminata complex and D. acuta in the environment occurs during
similar periods all along the coast of Andalusia, in general, there are notable differences in the intensity
of the abundance between clusters 1 and 6 (Atlantic area) and the rest. Therefore, although there are
frequent blooms of relatively high abundance in the Atlantic area, in the Mediterranean it is rare that
either species exceeds 400 cells/l. However, cluster number 5 belongs to the Atlantic area and does not
show the behaviour of the other neighbouring Atlantic clusters.

It sometimes happens, however, that a particular episode (characterized by a certain intensity)
spreads to almost all the Andalusian coast in one direction or the other. Possible advection through
the Strait of Gibraltar is suggested by the proximity of the dates of the growth pulses on both sides
of the strait, but which also should be investigated using hydrodynamic models. In August 2001,
August 2003, October 2004, July 2012, July 2013 and August 2014, episodes of D. acuminata complex
were recorded with these features. D. acuta can be often detected along the entire coast, but not
always; in August 2004, for example, a single case of unusually high intensity was recorded in all the
areas monitored.

Episodes of special intensity of D. acuta occurred from the end of June to end of August 2007
and of D. acuminata complex from March to mid-April 2011, both in clusters 6 and 1. In the first
episode, there were more than 2000 cells/L in 24.9% of the samples and more than 5000 cells/L in
4.7% (349 samples). A maximum value of 9080 cells/L occurred in cluster 6. In the second episode, a
maximum of 65,000 cells/L (Cluster 1) was recorded, which was the highest concentration of Dinophysis
species found during the years of monitoring. In this case, there were more than 2000 cells/L in 69.4%
of the samples and more than 5000 cells/L in 47.9% (278 samples).

From 2014 on, a declining trend of abundance has been recorded for both species towards the
western end (clusters 1 and 6). The D. acuminata complex had never shown this behavior (frequency of
values above 2000 cells/L was drastically reduced) in the monitoring period.

The timing and abundance of other Dinophysis species is shown in Appendix B. None of them
shows any obvious seasonal pattern or other type of temporary recurrence. The only condition found
is spatial, so that while some species are detected in all areas sampled, others preferably appear in the
Atlantic or the Mediterranean areas.

2.3. Toxicity in Molluscs

The criteria of the official monitoring programme aims to categorize some species of bivalve
molluscs as indicators of each production area (administrative spatial unit). Therefore, in Andalusia,
the species which have been monitored in areas of external waters where there have been major
incidents with Dinophysis, have mainly been Donax trunculus, Chamelea gallina, Mytilus galloprovincialis,
Callista chione, Venus verrucosa and Cerastoderma edule.

Levels of okadaic acid have been detected in all these areas when D. acuminata complex and/or
D. acuta were present in the environment. There have also been cases, albeit few, in which samples
showed toxicity but in which Dinophysis species or other organisms considered as DSP producers were
not found; there were more cases in the period when the mouse bioassay method was used. Other
substances that are part of the group of lipophilic toxins have been detected although on a smaller
number of occasions. Levels of DTX-2 began to be measured at the beginning of June 2018 in Donax
trunculus and Mytilus galloprovincialis. The episode has not finished yet. In the environment, the
presence of mainly Prorocentrum cf. texanum has been accompanied by minor amounts of D. acuminata
complex and D. acuta. Also, levels of yessotoxin were measured only in Mytilus galloprovincialis in the
spring and summer of 2015 when in the water samples the presence mainly of D. acuminata complex
was detected and, to a lesser extent, D. acuta, D. fortii, D. caudata and P. rotundatum.

The durations of the episodes usually correspond to the maintenance of the population of that or
those phytoplankton species that generate them. There is thus good association between the detection
of both parameters in qualitative terms. However, as it can be seen in Figure 4 which shows the pairs
of cell concentration-toxicity values of parallel sampling, the levels of okadaic acid in molluscs do not
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correlate well with the concentration of the producer microalgae if the expected linear relationships are
taken into account. Thus, it is not uncommon to find high values of okadaic acid with low values of
phytoplankton and vice versa.

Figure 4. Toxicity in molluscs (μg okadaic acid/kg) versus concentration of D. acuminata complex +
D. acuta (cells/L). The bivalve species with the highest toxic incidence have been selected. Data are not
shown for mollusc species which, although they have a sufficient amount of data, have shown very
little tendency to accumulate toxin. (a) Donax trunculus; (b) Chamelea gallina; (c) Mytilus galloprovincialis;
(d) Cerastoderma edule.

Although there is not a good correlation between toxicity values in molluscs and the concentration
of Dinophysis in parallel sampling, if each episode as a whole is considered, toxicity patterns in molluscs
do correspond to the patterns of the producer phytoplankton species as might be expected. Thus, in
general, there have been more incidents in the Atlantic area than in the Mediterranean area; episodes
have occurred in warm seasons and there has been a trend toward a decrease in measured values over
the last three years.

The time series of contamination episodes of bivalve molluscs, together with the abundance of
DSP-producing microalgae is shown in Appendix A. It shows how smaller bivalve species (larger
specimens rarely exceed 3–4 cm in their axis of maximum growth) are more prone to the accumulation of
lipophilic toxins. In this way, maximum levels of toxicity (μg okadaic acid/kg) were 2665 in D. trunculus,
913 in C. gallina and 1468 in C. edule, whereas in larger species, there were 687 in M. galloprovincialis,
91 in C. chione and 28 in V. verrucosa. This difference has been verified for the pair D. trunculus and
C. gallina (Figure 5) in 85 double samples taken, which has contributed to the selection of Donax
trunculus as an indicator species for some harvesting areas.
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Figure 5. Toxicity in D. trunculus and C. gallina in simultaneous samples taken in the same area (x-axis:
Sampling identification number). Accompanying the results is the concentration of D. acuminata
complex being the majority Dinophysis species in the water sample taken at the same time.

In view of the results of the frequency distribution of accumulation and elimination daily rates
(Figure 6), it is worth noting the symmetry and positive kurtosis. This means that, on the one hand, there
are no appreciable differences between the speed of accumulation and elimination and, on the other
hand, the values that are statistically considered as normal, do not exceed 25 μg okadaic acid/kg/day
which, as has been said, are low values taking into account the extent of the range. This means that
the occasions on which, starting from an absence of toxicity, the molluscs analyzed have the capacity
to exceed the legal limit (160 μg okadaic acid/kg) for less than a week are statistically not significant
(outliers; Figure 6).

Figure 6. Box and whiskers of daily rate of accumulation / elimination of toxins (okadaic acid). In the
same way that in Figure 4 the mollusc species with the highest toxic incidence have been selected,
discarding those with a low tendency to accumulate.
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The monitoring program of Andalusia establishes that once levels above the regulatory limit are
detected in molluscs, temporary closures of fisheries must be triggered. They have been recorded in
digital databases from 2007. The data presented (Tables 2 and 3) correspond to this period.

Table 2. Maximum annual closing period (days) of a fishery in an Atlantic area from 2007 to 2018.

Species 1 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Donax trunculus 161 63 51 99 45 112 55 126 125 47 46 -
Chamelea gallina 196 194 40 34 85 63 22 126 41 47 73 -

Mytilus galloprovincialis 0 0 0 54 13 147 63 4 27 34 0 -

Cerastoderma edule 0 0 0 0 34 14 34 43 30 32 0 0
1 The mollusc species with the highest toxic incidence are shown, discarding those with a low tendency to accumulate.
The latter are: Ruditapes philippinarum, Scrobicularia plana, Polititapes rhomboides, Ruditapes decussatus, Dosinia spp,
Polititapes aureus, Magallana gigas, Mimachlamys varia, Solen marginatus, Venus verrucosa, Acanthocardia tuberculata,
Aequipecten opercularis and Pecten maximus.

Table 3. Maximum annual closing period (days) of a fishery in a Mediterranean area from 2007 to 2018.

Species 1 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Donax trunculus 0 0 18 0 119 48 90 77 11 34 14 0
Chamelea gallina 0 0 18 0 126 51 113 77 71 34 14 0

Mytilus galloprovincialis 0 0 0 10 64 59 50 55 0 16 3 0
Callista chione 0 0 95 0 171 92 85 77 11 77 14 0

Venus verrucosa 0 0 0 0 98 32 113 59 0 34 14 0
1 The same as in Table 2.

3. Discussion

Data from monitoring programs are usually complex in their processing. Regulatory changes
lead to modifications in sampling plans in a way that they lose their regularity when frequency, spatial
distribution or target species change. This study has taken into account such features when calculating
parameters or obtaining general conclusions.

The polymorphic life cycle, feeding behaviour and phase of the cell cycle have been given by
various authors as the causes of the wide morphological variation of certain species of Dinophysis [16,17].
This variation makes some species intermediate forms similar in shape, a fact that makes it often
difficult to discriminate them as it is the case with the pairs: D. acuminata/D. sacculus, D. acuminata/D.
ovum, D. sacculus/D. pavilardii, D. caudata/D.tripos mentioned by various authors according to the
case [13,14,18,19]. For a monitoring program, this difficulty translates into the possibility of producing
false positive or negative results in the risk assessment, taking into account possible differences in the
toxic potential between species. An example of this was resolved in the Thermaikos Gulf, Greece [20]
by considering D. acuminata and D. ovum as D. cf acuminata. A similar treatment has been decided in
the monitoring program of Andalusia where D. acuminata, D. ovum and D. sacculus are treated as a
whole as D. acuminata complex.

The species associated with DST outbreaks in Andalusia (D. acuminata complex and D. acuta)
have also been considered as the main species responsible on the Galician coast in addition to
D. sacculus [17,19,21]. Vale and Sampayo [22,23] consider D. acuminata and D. acuta as responsible
for specific DST episodes along the Portuguese coast. These two species are considered again to be
responsible for similar outbreaks in Sweden [24]. In the North Sea, around the island of Helgoland
(Germany), D. norvegica joins D. acuminata as co-responsible for episodes of contamination in mussels.
D. acuminata appears as the species of wider distribution concerning its association with toxic events.
However, there are cases in which the responsibility of episodes of intoxication is attributed to
less common species such as D. fortii, D. rotundata, D. caudata, D. sacculus and D. tripos in the east
Adriatic [25]. In our program, although such species have been detected, there were two results:
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toxicity was not observed in molluscs or the above-mentioned species of Dinophysis accompanied
D. acuminata and/or D. acuta to a much lesser abundance.

It is important to mention the spatial coherence of the homogeneous areas obtained in the cluster
analysis as there is no cluster covering non-neighbouring stations. It is also noteworthy that clusters
mainly occupy coastal areas where the direction of the coast line is constant and that changes in
that direction generate a different cluster. This feature seems to define a characteristic length of
cluster dependent on such geomorphological characteristics that, in turn, could define hydrodynamic
characteristics. This gives consistency to the conclusion derived from the analysis that the patterns and
abundances of D. acuminata complex in the different stations of each cluster are similar.

The seasonal patterns of Dinophysis (growth pulses from the beginning of the spring until the
end of autumn) in Andalusia do not differ from those found by the other authors in western Europe.
It exceeds at the end points of the period mentioned by Smayda [26]: “the blooms of dinoflagellates
occur in predominantly warm waters which are stratified from late spring to early autumn”. Other
authors have limited this same period as the one with the largest development of Dinophysis [27–31].
In general, although the most apparent growth peaks are given within this period, species such as
D. acuminata complex are present throughout the rest of the year even though at very low concentrations.
Nincevic-Gladan [25] revealed that of the 13 species detected in the east Adriatic coast, only D. tripos
appeared in winter. Koukaras [20] noted that, at genus level, the episodes usually lasted between 3
and 4 months, and sporadically appeared throughout the rest of the year.

Many authors have reported and analysed the possible causes of the discrepancy between the
values for toxicity in molluscs and the abundance of microalgae [24,32–34]. The causes mainly proposed
are the presence of alternative food, environmental factors, the stratification of the water column
that favours the development of thin layers of microalgae, or the variability in the toxin content
per cell. In addition, other authors have studied the daily vertical migration of plankton [13,35–38],
which translates into irregularity in daily food availability for molluscs. Discrepancy in the pairs of
parallel sampling values (if a linear correlation is expected between cell numbers and toxicity) and the
explanation of the inaccuracy of dinoflagellate abundance as an indicator of the true exposure suffered
by molluscs throughout the previous week has been found in our data. This discrepancy may be a
consequence of the factors above mentioned. In this way, the toxicity value in molluscs represents the
result of a continuous exposure before the sample is taken, while the value of plankton concentration
is representative of the moment of capture as molluscs have not yet responded.

The European regulations [3,4] says “production areas must be periodically monitored to check
for the presence of toxin-producing plankton in production and relaying waters and biotoxins in live
bivalve molluscs. The sampling frequency for toxin analysis in the molluscs is, as a general rule, to be
weekly during the periods at which harvesting is allowed. This frequency may be reduced in specific
areas, or for specific types of molluscs, if a risk assessment on toxins or phytoplankton occurrence
suggests a very low risk of toxic episodes”. On the other hand, it indicates that monitoring must be
increased if there is evidence or suspicions of an increased risk. Such indications, in principle, leave no
room for a lack of efficiency in the programs established at European level so, the answer to the initial
question raised in this study, “Are the regulatory requirements for the analysis of toxic phytoplankton
effective as an early-warning system of the risk of contamination of molluscs in the Andalusian coast?”
would be “Yes”. The problem lies in the risk assessment. In Andalusia, the check once a week of
the concentration of phytoplankton, as discussed above, may have inaccuracies as indicators. An
important number of cases in which molluscs had the capacity to exceed the legal limits in less than
a week have been detected on our coast. Under these conditions, 11.6% of the cases were of Donax
trunculus, 12.2% of Cerastoderma edule, 11.5% of Mytilus galloprovincialis and 11.4% of Chamelea gallina.
Therefore, in order to prevent, to some extent, this risk from 2015 on, the uncertainty of the measure of
toxicity needed to activate the intensification of sampling (48 h) was set in the criteria of the monitoring
program as a factor to take into account. On the other hand, incidents with the toxicities of bivalve
molluscs have been so important that there have been closures of fisheries for even half a year. A fact
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that shows the magnitude of the problem, bearing in mind that such fisheries represent a significant
economic source at a local coastal scale. As has been mentioned, there have been numerous studies
aimed at understanding the dynamics of the plankton’s and molluscs’ toxicities. Although there is
increasing awareness of them, it remains necessary to expand knowledge which, with large sets of
data of different nature, will shed light to the production of other indices or will suggest changes in
sampling strategies to reduce the range of health risk.

4. Materials and Methods

All the data that underpin this article correspond to the information generated by the program
for phytoplankton and biotoxins official monitoring established in Andalusia in 1994. The data
generated were not recorded on a computer system until 1999. Therefore, this article refers to the
period from then on. The information is available to the public and can be found at the web page
http://www.cap.junta-andalucia.es/agriculturaypesca/moluzonasprodu/ of the Regional Ministry for
Agriculture, Fisheries and Rural Development of Andalusia (Regional Government). That Ministry
is conferred with the exclusive jurisdiction for fishing in inland waters, shellfish and aquaculture.
The laboratory designated by the competent authority to perform the analyses corresponding to the
official monitoring program is the Laboratory for the Quality Control of Fishery Resources which has
developed its functions since 1996. The laboratory has been entitled to develop this monitoring since
2007, according to the UNE-EN-ISO 17025 standard.

4.1. Sampling Plan

The sampling stations in Figure 7 are represented by the centroid of the production area to which
they belong. However, the point of capture of each sample can be placed in any position within the
same area.

Figure 7. Centroids of the production areas declared by the Order of 15 July 1993 - BOJA (Spanish
acronym for the Andalusian Official Gazette) No. 85 of 5 August 1993 [39]—which have been updated
in successive orders.

Based on the operational capacity of the program, the sampling strategy has been adapted as
far as possible to the European Regulations and their successive modifications. Thus, the sampling
frequency was weekly at some stations from the beginning while others started on a fortnightly basis
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for water and quarterly for molluscs. However, this frequency has now been increased to include
sampling all parameters in all production areas declared every week. The program has always allowed
the possibility of increasing sampling if evidence of an increase of a toxicological risk is detected.
The successive changes are detailed in Appendix C (Tables A1–A4).

4.2. Sampling Techniques

Water samples were collected using vertical hauls with bongo nets of mesh size 20 μm and a hose
system [40]. Samples of molluscs from natural populations were collected using techniques traditionally
used by the Andalusian shellfish sector. Samples were either taken at points of highest productive
activity within each production area or provided by producers from their aquaculture facilities.

4.3. Analysis

Testing of lipophilic toxins and toxic phytoplankton are based on official methods harmonized and
accredited since 2007 by ENAC (National Accreditation Entity-in Spanish) according to the standard
UNE-EN-ISO 17025.

For the identification and enumeration of Dinophysis spp., the technique of Utermöhl [41] was
used as recommended in European standard UNE-EN 15204 Guidance standard on the enumeration of
phytoplankton using inverted microscopy.

Lipophilic toxin levels were determined according to the method described by Yasumoto et al. [42].
From 2011 on, the data presented correspond to analyses carried out using the European harmonized
chemical technique (LC-MS/MS).

4.4. Data Processing

The processing and graphic presentations of the data are carried out using the free software for
statistical analysis and graphics R in its 2013 version [15].

Given the huge volume of records (20 years), and for the submission of the time series, a cluster
analysis was carried out on producing areas in order to reduce the datasets to be presented, excluding
redundancy without losing relevant information. To do this, the K-means non-hierarchical cluster
analysis (function in R: kmeans()) was used after developing the analysis of the optimal number of
clusters (function in R: cascadeKM()) over a maximum of 12 clusters. (If more clusters were extracted,
the purpose sought with the use of this technique would not be achieved). This is an unsupervised
automatic method for pattern recognition, i.e., it is based on the response variable (concentration of
D. acuminata complex) without seeking correlations with explanatory variables (e.g., environmental).
For the response variable, the concentration of Dinophysis acuminata complex was chosen, as it provides
more information because it has a high frequency in the samples. A total of 6659 samples were used
after excluding very low incidence areas (see Figure 3) and extracting only quantifiable values. Thus,
it is assumed that the homogeneous areas defined by D. acuminata, probably conditioned by the
hydrodynamic characteristics, could be homogeneous also for the other species. In any case, the most
relevant species in Andalusia is D. acuminata complex and the presentation of the information must
adapt mainly to it. To obtain the optimal number of areas the “SSI” (Simple Structure Index) criterion
has been used [43]. This is an index that combines three factors: (1) the greatest difference in the
response variable between clusters, (2) the sizes of the most contrasting clusters and (3) the deviation
of the variable in the cluster centers compared to its overall mean. It can be deduced that each factor
separately indicates a more homogeneous selection of groups and thus, a higher SSI score implies a
better partition.

The calculation of the daily rate of accumulation or elimination of toxins is carried out through the
difference in toxicity measured between the samples from the same area in two successive samplings
divided by the number of days, provided that between the two sampling there are not more than 11 days
(maximum amplitude in samples obtained in working days of two consecutive weeks). This rate is a
calculated value that indicates what would be the accumulation or elimination if every day between
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the two samples was kept constant. It represents, therefore, a theoretical daily value that must be taken
with caution, understanding that there are probably days between the two samples with a higher and
lower rate.

The information provided concerning the relative sensitivity among bivalve species identically
exposed to microalgae of Dinophysis genus derives from parallel samples, if present, in which such
species have been collected at the same time in the same area.
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Appendix A

 
Figure A1. Temporal series of the abundance of D. acuminata and D. acuta and the concentration of
okadaic acid in the species of mollusc monitored in each harvest area, in cluster 1. The order of the
sequence of figures from Figure A1 to Figure A7 follows the geographic order of the clusters from west
to east.
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Figure A2. Temporal series of the abundance of D. acuminata and D. acuta and the concentration of
okadaic acid in the species of mollusc monitored in each harvest area, in cluster 6. The order of the
sequence of figures from Figure A1 to Figure A7 follows the geographic order of the clusters from west
to east.
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Figure A3. Temporal series of the abundance of D. acuminata and D. acuta and the concentration of
okadaic acid in the species of mollusc monitored in each harvest area, in cluster 5. The order of the
sequence of figures from Figure A1 to Figure A7 follows the geographic order of the clusters from west
to east. The long periods of absence correspond to lack of sampling due to cessation of harvesting.
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Figure A4. Temporal series of the abundance of D. acuminata and D. acuta and the concentration of
okadaic acid in the species of mollusc monitored in each harvest area, in cluster 7. The order of the
sequence of figures from Figure A1 to Figure A7 follows the geographic order of the clusters from west
to east.
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Figure A5. Temporal series of the abundance of D. acuminata and D. acuta and the concentration of
okadaic acid in the species of mollusc monitored in each harvest area, in cluster 4. The order of the
sequence of figures from Figure A1 to Figure A7 follows the geographic order of the clusters from west
to east.
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Figure A6. Temporal series of the abundance of D. acuminata and D. acuta and the concentration of
okadaic acid in the species of mollusc monitored in each harvest area, in cluster 2. The order of the
sequence of figures from Figure A1 to Figure A7 follows the geographic order of the clusters from west
to east.
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Figure A7. Temporal series of the abundance of D. acuminata and D. acuta and the concentration of
okadaic acid in the species of mollusc monitored in each harvest area, in cluster 3. The order of the
sequence of figures from Figure A1 to Figure A7 follows the geographic order of the clusters from west
to east.
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Appendix B

Figure A8. Temporal series of the abundance of D. caudata and D. rapa in the areas of the Atlantic Ocean.
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Figure A9. Temporal series of the abundance of D. caudata and D. rapa in the areas of the Mediterranean Sea.
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Figure A10. Temporal series of the abundance of D. fortii and D. rotundata in the areas of the
Atlantic Ocean.
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Figure A11. Temporal series of the abundance of D. fortii and D. rotundata in the areas of the
Mediterranean Sea.
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Appendix C

Table A1. Sampling frequencies in marine waters for the phytoplankton analysis from 1999 to 2008.

Frequency 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

Weekly
1–13,
21–24,

27–36 1

1–13,
21–24,
27–36

1–13,
21–24,
27–36

1–13,
21–24,
27–36

1–13,
21–24,
27–36

1–13,
21–24,
27–36

1–13, 21–24,
27–38, 40, 44

1–13, 21–24,
27–38, 40, 44

1–13, 21–24,
27–38, 40, 44

1–13, 21–24,
27–38, 40, 44

Biweekly 37–44 37–44 37–44 37–44 37–44 37–44 14–16, 18, 39,
41–43

14–16, 18, 39,
41–43

14–16, 18, 39,
41–43

14–16, 18, 39,
41–43

Monthly 14-20 14-20 14-20 14-20 14-20 14-20 17, 19, 20 17, 19, 20 17, 19, 20 17, 19, 20
1 Data on the cells, identification number of the harvest area. To avoid clutter, the prefix AND- (through which they
are officially known) has been omitted.

Table A2. Sampling frequencies in marine waters for phytoplankton analysis from 2009 to 2018.

Frequency 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Weekly

1–13,
21–24,
27–38,

40, 44 1

1–13,
21–24,
27–38,
40, 44

1–13,
21–24,
27–38,
40, 44

1–13,
21–24,
27–38,
40, 44

All
active
zones

All
active
zones

All active
zones

All active
zones

All active
zones

All active
zones

Biweekly
14–16,
18, 39,
41–43

14–16,
18, 39,
41–43

14–16,
18, 39,
41–43

14–16,
18, 39,
41–43

Monthly 17, 19,
20

17, 19,
20

17, 19,
20

17, 19,
20

1 Data on the cells, identification number of the harvest area. To avoid clutter, the prefix AND- (through which they
are officially known) has been omitted.

Table A3. Sampling frequencies of molluscs for the analysis of lipophilic toxins from 1999 to 2008.

Frequency 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

Weekly

Monthly 36 1 36 36 36 36 36 4, 7, 11, 24,
30

4, 7, 11, 24,
30

4, 7, 11, 24,
30

4, 7, 11, 24,
30

Bimonthly 24, 27–35,
37–44

24, 27–35,
37–44

24, 27–35,
37–44

24, 27–35,
37–44

Quarterly 1–35,
37–44

1–35,
37–44

1–35,
37–44

1–35,
37–44

1–35,
37–44

1–35,
37–44

1–3, 5, 6–10,
13–22

1–3, 5, 6–10,
13–22

1–3, 5, 6–10,
13–22

1–3, 5, 6–10,
13–22

1 Data on the cells, identification number of the harvest area. To avoid clutter, the prefix AND- (through which they
are officially known) has been omitted.

Table A4. Sampling frequencies of molluscs for the analysis of lipophilic toxins from 2009 to 2018.

Frequency 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Weekly All active
zones 1

All active
zones 1

All active
zones 1

All active
zones 1

All active
zones 1

All active
zones 1

Monthly 4, 7, 11,
24, 30

4, 7, 11,
24, 30

4, 7, 11,
24, 30

4, 7, 11,
24, 30

Bimonthly
24,

27–35,
37–44

24,
27–35,
37–44

24,
27–35,
37–44

24,
27–35,
37–44

Quarterly
1–3, 5,
6–10,
13–22

1–3, 5,
6–10,
13–22

1–3, 5,
6–10,
13–22

1–3, 5,
6–10,
13–22

1 Data on the cells, identification number of the harvest area. To avoid clutter, the prefix AND- (through which they
are officially known) has been omitted. In areas of bivalve molluscs from aquaculture, monitoring was activated
only during the production season.
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Abstract: Blooms of the dinoflagellate Dinophysis acuminata occur every year in an important mussel
cultivation area in Port Underwood, Marlborough Sounds, New Zealand. Annual maximum
cell numbers range from 1500–75,000 cells L−1 and over 25 years of weekly monitoring the D.
acuminata bloom has never failed to exhibit peaks in abundance at some time between spring and
autumn. During winter (June–August) the dinoflagellate is often undetectable, or at low levels
(≤100 cells L−1), and the risk of diarrhetic shellfish poisoning (DSP)-toxin contamination over
this period is negligible. Bloom occurrence may be coupled to the abundance of D. acuminata
prey (Mesodinium sp.) but the mechanism by which it maintains its long-term residence in this
hydrologically dynamic environment is unknown. The toxin profile of D. acuminata is dominated
by pectenotoxin-2 (PTX-2) and dinophysistoxin-1 (DTX-1), but the cellular toxin content is low. It is
rare that free DTX-1 is detected in mussels as this is invariably exclusively present as fatty acid-esters.
In only five out of >2500 mussel samples over 16 years have the levels of total DTX-1 marginally
exceeded the regulated level of 0.16 mg kg−1. It is also rare that free PTX-2 is detected in mussels,
as it is generally only present in its hydrolysed non-toxic PTX-2 seco acid form. The D. acuminata
alert level of 1000 cells L−1 is often exceeded without DTX-1 residues increasing appreciably, and this
level is considered too conservative.

Keywords: Dinophysis acuminata; dinophysistoxins; pectenotoxins; Port Underwood; New Zealand

Key Contribution: A unique perspective on the risk associated with blooms of Dinophysis acuminata
is obtained by the examination of a long-term phytoplankton and shellfish toxin monitoring data set
from New Zealand.

1. Introduction

Since the phenomenon was first identified [1,2], diarrhetic shellfish poisoning (DSP) caused by
various species of planktonic dinoflagellate in the genus Dinophysis (and some benthic Prorocentrum
spp.) has become a significant quality assurance issue for shellfish aquaculture worldwide. Dinophysis
spp. produce a suite of lipophilic polyether secondary metabolites within the okadaic acid (OA, DTX-1,
DTX-2) and pectenotoxin (PTX-1–PTX-11) families. These toxins are internationally regulated at
a maximum permissible level of <0.16 mg kg−1 [3] and there is a high level of awareness in the
New Zealand industry that the avoidance of the harvesting of shellfish contaminated with these toxin
residues is essential.

Port Underwood is a 24 km2 inlet on the north-east coast of the South Island, New Zealand
(Figure 1), and is regarded as one of the most productive GreenshellTM mussel (Perna canaliculus)
growing regions of the Marlborough Sounds. The high productivity of the inlet (approximately

Toxins 2019, 11, 74; doi:10.3390/toxins11020074 www.mdpi.com/journal/toxins72
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8000 tonnes of mussels per annum) is attributed to the fertilising effects of local wind-induced
upwelling and its proximity to the Wairau River out-welling plume. Since weekly toxic phytoplankton
and marine biotoxin monitoring began in Port Underwood in the early 1990s, it has become apparent
that the inlet has a resident population of Dinophysis acuminata that blooms for short periods every
year between spring (September–October) and autumn (March–April).

 

Figure 1. The geographic location of Port Underwood in the Marlborough Sounds region on the
north-east coast of the South Island, New Zealand. The location of routine phytoplankton and shellfish
monitoring sites (Opihi, Whangakoko, Horahora) in the inlet are indicated.

The cellular toxin content of the major pectenotoxin and okadaic acid group toxins in Dinophysis
acuta and Dinophysis acuminata from various locations around the South Island coast of New Zealand
has been described [4]. D. acuminata cells sampled from Port Underwood at various times showed low
levels of okadaic acid (trace–0.4 pg/cell) and dinophysistoxin-1 (DTX-1) (0.1–0.5 pg cell−1) but much
higher levels of pectenotoxin-2 (PTX-2) (2.4–16.9 pg cell−1). The cellular content of OA and its esters
in D. acuta was 33 times higher and for PTX-2 and PTX-11, 8–42 times higher, respectively, than in
D. acuminata. Only about 6% of total PTX-2 was present as the PTX-2 seco acid in D. acuminata cells.
The toxin content of D. acuminata cells from Port Underwood was significantly lower than that of the
same species from elsewhere in the South Island (Akaroa Harbour). DTX-1 was not detected in any
D. acuta cells and DTX-2 was not detected in either species. A similarly low toxin content (0.01–1.8 pg
OA + DTX-1 cell−1) has been observed in D. acuminata cells from the north-western Atlantic [5].

Pectenotoxins are the predominant polyether macrolides found in the Dinophysis species
throughout the world [6]. At least 11 PTX analogues have been described, with different degrees of
toxicity as assayed by various methodologies [7]. Pectenotoxin 2 seco acid (PTX-2sa) was first isolated
and described in mussels from the Marlborough Sounds, New Zealand and Ireland [8]. Subsequently,
it was shown [9] that PTX-2sa was the product of the rapid enzymatic hydrolysis of PTX-2 within
shellfish tissues and the esterase responsible for this conversion was isolated and characterised from
the mussel hepatopancreas [10]. This enzymatic conversion severs the PTX-2 lactone ring essential
for the biological activity of the molecule and thus, PTX-2sa loses its toxicity [7]. In the early 2000s,
as the extent of PTX-2sa occurrence in New Zealand shellfish became apparent [11], an evaluation of
the risk of this compound to consumers was undertaken [12]. This study concluded that available
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evidence suggested that PTX-2sa was harmless. The New Zealand shellfish regulatory authority
(New Zealand Ministry for Primary Industries) sets a limit of 0.16 mg kg−1 okadaic acid equivalents
that must not be exceeded in the edible portion of the shellfish. Okadaic acid group toxins (e.g., DTX-1)
and pectenotoxins (e.g., PTX-2) are considered additive and, above this level, shellfish harvesting is
prohibited. Pectenotoxin-seco acid analogues (e.g., PTX-2sa) are not considered a hazard and there is
no non-permissible level.

The data presented here, accumulated over 25 years of weekly monitoring of phytoplankton and
shellfish, provide a unique perspective on the magnitude of the DSP-toxin contamination problem in
Port Underwood. Additional data from the occasional opportunistic sampling of the water column
within the inlet illuminate some aspects of D. acuminata ecology and the environmental circumstances
accompanying dinophysis-toxin contamination events.

2. Results and Discussion

2.1. Dinophysis acuminata Morphology

The vegetative cells of Port Underwood D. acuminata were on average (n = 10) 41.3 ± 2.7 μm
(cell length) by 27.6 ± 1.6 μm (cell width) and, in terms of cell size and general morphology (Figure 2A),
were consistent with descriptions of D. acuminata from elsewhere in the world [5]. A smaller
morphotype (31 × 21 μm) was also commonly observed (Figure 2C), occasionally fusing with the
larger morphotype. These fusing cells represent mating anisogamous gamete pairs and have been
observed in several other Dinophysis species [13–15].

 

Figure 2. Specimens of Dinophysis acuminata from Port Underwood. (A) Live D. acuminata vegetative cells.
(B) Conjugation of anisogamous gametes. (C) Large and small cell forms. (D) Dorsal view of a large, red,
swollen cell. The scale bar (20 μm) in (A) also applies to (B,C). The scale bar in (D) is also 20 μm.

A third morphotype was comprised of large, swollen (50 × 33 μm), deeply red-pigmented cells
that were most commonly observed during the early phases of bloom development (Figure 2D) It was
believed these cells had recently fed on Mesodinium sp. prey [16] and that they played an important role
in the subsequent rapid increase in cell numbers seen during subsequent blooms. Over the 25 years
of monitoring in Port Underwood, larger cells of D. acuta have been observed on a few occasions.
In October–November 2009, cell numbers of D. acuta briefly reached a maximum of 800 cells L−1 but
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no reportable associated toxicity in mussels occurred and this species has not played a significant role
in DSP-toxin contamination events in this location to date.

2.2. Frequency of Dinophysis acuminata Blooms

Peaks in D. acuminata abundance occurred at some time between spring and autumn every year
from 1994 to 2018 (Figures 3–5). Periods of relative abundance generally occurred at the same time at
the three sampling sites and cell numbers were usually higher at the more inland sites (Whangakoko,
Opihi) than at the Horahora site further towards the mouth of the inlet. The highest annual peak cell
numbers usually occurred at the Whangakoko site and ranged from 2800–75,000 cells L−1. Mid-winter
(June–August) was the period when cells were most likely to be absent from the plankton (Figures 4
and 5), though even then there were a few occasions when cell numbers exceeded 1000 cell L−1.

Figure 3. Dinophysis acuminata cells numbers (×103 L−1) in 15 m water column tube samples collected
weekly at three monitoring sites in Port Underwood 1994–2018. (A) Whangakoko Bay; (B) Opihi Bay;
(C) Horahora Bay.
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2.3. Spatial and Temporal Distribution of Blooms

D. acuminata blooms developed in the inland reaches of the two major arms of the inlet (Figures 6
and 7), becoming more widely dispersed (spatially and with depth) as the blooms matured (Figures 7
and 8). In early March 2004 (Figure 6), as the bloom was in its early stages, D. acuminata cell numbers
were highest at 12–15 m depth, in association with a phytoplankton community dominated by
diatoms (Chaetoceros spp.) and the phototrophic ciliate Mesodinium sp. A significant proportion
of the D. acuminata populations at these depths (14% at 12 m and 23% at 15 m) were comprised of the
large, swollen, red-pigmented cells described previously (Figure 2). These observations are consistent
with a conceptual model of the Dinophysis spp. growth strategy [17,18] and it is believed that the
appearance of these large cells signals the imminent rapid development of a bloom. In cultures of
D. acuminata [16], cell division rates of up to 0.95 day−1 have been observed when light and Mesodinium
sp. prey abundance were non-limiting.

 

Figure 6. The distribution of cells in 15 m water column tube samples during a bloom of Dinophysis
acuminata in Port Underwood, March 2004. (A) Sample site designations. (B) 4 March 2004; (C) 18 March
2004; (D) 25 March 2004.
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Figure 7. Spatial and vertical distribution of Dinophysis acuminata during a bloom between 14 Sept and
30 Sept 1994. (A,B) Spatial distribution of cells in 15 m tube samples. (C,D) The vertical distribution of
cells along the Whangakoko Arm transect. The values are in cells × 103 L−1. The site designations
(PU1–PU8) are the same as shown in Figure 6.

D. acuminata blooms occurred at times when the water column was strongly stratified (due to
salinity and temperature) but outside of the main phytoplankton bloom periods represented by high
chlorophyll a concentrations (Figure 9). It has been observed elsewhere that Dinophysis populations
tend to increase when the water column is thermally stratified [19,20].
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Figure 8. The vertical distribution of Dinophysis acuminata in the water column at Whangakoko, Port
Underwood, at various times. (A) Sept–Dec 1995; (B) Jan–Apr 1995; (C) Jan–Apr 2003.
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Figure 9. The progression of a Dinophysis acuminata bloom relative to the water column conditions
at the Whangakoko site, January-April 2004. (A) D. acuminata cell numbers (cells × 103 L−1). (B)
Temperature (◦C). (C) Salinity. (D) Chlorophyll a concentration (μg L−1).

2.4. Toxins Originating from D. acuminata in Cultivated Mussels (Perna canaliculus)

Data from analyses using an LC-MS/MS multi-residue method for the determination of lipophilic
algal toxins in shellfish [21,22] became available from early 2002.

On 14 occasions during D. acuminata blooms, the sampling of mussels at three depths on the
vertical culture lines (near the surface, at 6 m, and at 12 m) was carried out (Figure 10). The distribution
of the toxins in these shellfish (higher concentrations of PTX-2sa and total DTX-1 deeper in the water
column) paralleled the depth distribution of D. acuminata cells (Figures 7–9).

A summary of the results of the weekly analysis of mussel tissues from the Whangakoko and
Opihi monitoring sites (Figures 11 and 12) shows that PTX-2sa was present above the reporting level
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(0.01 mg kg−1) in the majority (70.6% and 54.5%, respectively) of samples analysed at both sites. At the
Horahora site, 22.6% of samples had PTX-2sa above the reporting level. The maximum concentrations
of PTX-2sa observed at Whangakoko, Opihi, and Horahora were 1.7 mg kg−1 (March 2013), 1.4 mg kg−1

(April 2005), and 0.24 mg kg−1 (October 2009), respectively. At Whangakoko, parent PTX-2 was only
above the reporting level in 27 out of 860 samples analysed (3.1%), with a maximum concentration
of 0.039 mg kg−1 in April 2016. At Opihi, only 1.1% of samples contained reportable levels of
PTX-2, with a maximum concentration of 0.025 mg kg−1 (January 2012). At Horahora, free PTX-2
was not detected. It is likely that the concentrations of PTX-2sa were, in fact, significantly higher
than those reported here, since PTX-2sa-esters were not included in these analyses. According to
Torgeston et al. [23], >80% of PTX-2sa in mussels (Mytilus edulis) may be in the form of fatty acid esters,
with 16:0 and 14:0 predominant. Likewise, Blanco et al. [24] found that the concentrations of PTX-2sa
and the palmytol ester of PTX-2sa were approximately equivalent in the digestive gland of the surf
clam Mesodesma donacium. They also found that PTX-2 and PTX-2sa were more rapidly eliminated
from the digestive gland than PTX-2sa esters.

Figure 10. Summary of the depth distribution of total dinophysistoxin-1 (DTX-1) (A) and
pectenotoxin-2sa (PTX-2sa) (B) Concentrations in GreenshellTM mussels on 14 occasions when samples
were collected from the vertical mussel culture ropes, near the surface (Top), in the middle of the rope
(approx. 6 m), and at the bottom of the rope (approx. 12 m). Error bars show the range of values.
Horizontal lines are the medium values and crosses indicate the means. Dots show values considered
outliers by this analysis (in this case, values at or above the regulatory level of 0.16 mg kg−1).

Only a small proportion of samples between 2002 and 2018 had concentrations of total DTX-1
above the reporting level (Figures 10 and 11). DTX-1 was the only okadaic acid group toxin identified
in Port Underwood mussels between 2002 and 2018 and was usually only detectable after the alkaline
hydrolysis of fatty acid esters within the extracts. Free DTX-1 was only detected on a few occasions. At
Whangakoko and Opihi, 8.5% and 4.2% of samples, respectively, had total DTX-1 above the reporting
level (Figures 11 and 12). At Horahora, between February 2002 and July 2018 there was only one
single report of DTX-1 in mussels (0.05 mg/kg) on 9 March 2010. The highest concentration of DTX-1
observed was 0.39 mg kg−1 at Whangakoko on 3 March 2010. Between October 2003 (when the alkaline
hydrolysis procedure was introduced) and July 2018, 2307 samples were screened for the total DTX-1.
Of these, only 11 samples (0.4%) had a total DTX-1 above 0.1 mg kg−1 and only 5 samples (0.2%) had
concentrations at or above the regulatory level of 0.16 mg kg−1 (Figures 13 and 14). The cell numbers
of D. acuminata on all of these occasions exceeded 5000 cells L−1 and were accompanied by peak
concentrations of PTX-2sa (0.3–1.0 mg kg−1). Abal et al. [25] have recently shown through the oral
dosing of mice, that the toxicity equivalency factors (TEFs) between okadaic acid and dinophysistoxins
−1 and 2 are ranked as OA = 1, DTX-1 = 1.5, and DTX-2 = 0.3. Applying a 1.5 factor to these, DTX-1
concentration data only slightly increased the number of samples exceeding 0.16 mg kg−1 from five to
nine per 2307 samples analysed (0.2–0.3%).
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3. Conclusions

Port Underwood has a resident population of D. acuminata that, over 24 years of continuous
weekly monitoring, has never failed to bloom to some degree, at some time, from early spring to
late autumn. Blooms developed in near-bottom waters in the most inland reaches of the inlet. It is
believed that the abundance of Mesodinium sp. prey at depth may be an important precursor of the
blooms. Mesodinium sp. is common in the inlet but cells are poorly preserved in Lugol’s iodine and
numbers were not recorded during routine monitoring, so no definitive data exists to demonstrate
the relationship between populations of prey and predators. D. acuminata numbers rarely exceed
10,000 cells L−1 but low numbers of cells are present in the water column throughout much of the
year. Cultivated mussels show evidence of this in the high proportion of samples that show low
concentrations of (non-regulated) PTX-2sa in their flesh. The DTX-1 content of D. acuminata cells is
low and only a small proportion of mussel samples show evidence of DTX-1 accumulation (primarily
as DTX-1 fatty acid-esters) above the limit of reporting. Over 16 years of weekly LC-MS analysis,
only a small proportion of mussel samples (0.2%) achieved or marginally exceeded the regulated
level of 0.16 mg kg−1. In every case when this level was reached, D. acuminata cell numbers exceeded
10,000 cells L−1. Cell numbers of up to 5000 cells L−1 did not result in toxicity exceeding the regulatory
limit, and the current action level of 1000 cells L−1 could be reviewed. It has been shown in cultured and
natural populations of Dinophysis spp. [26,27] that the toxin quota can vary by an order of magnitude
during the growing season, with the maximum cell content being exhibited during the stationary
phase. It is possible that the toxin quota also varies temporally in the Port Underwood D. acuminata
but the long-term data set presented here clearly shows that, given the inherent low toxicity of this
population, any natural fluctuations in toxin quota are unlikely to be of any practical significance with
respect to the toxin content of cultivated mussels. Increasing concentrations of PTX-2sa are a good
indicator of the imminence of DTX-1 contamination and the addition of PTX-2sa ester quantification to
the routine monitoring protocol would likely increase the sensitivity of this indicator.

4. Materials and Methods

Sea-water samples were collected weekly at three sites (Whangakoko, Opihi, and Horahora) in
Port Underwood (Figure 1) with a tube sampler that provided a ≤15-metre depth-integrated sample
of the water column. On some occasions, samples from selected depths were also collected with
a van Dorn sampler. Surveys of water column properties (temperature, salinity, and chlorophyll a
fluorescence) were carried out using a Chelsea Instruments “Aquapack” CTD instrument (West Molesly,
Surrey, UK). Phytoplankton identification and counts were carried out on Lugol’s iodine preserved
samples, after the settling of 10 mL aliquots in Utermöhl chambers and examination under an
inverted microscope.

Samples of GreenshellTM mussels (Perna canaliculus) were collected weekly from mussel culture
long-lines at the same sites as the phytoplankton samples. Routinely, samples were collected from a
depth of 6 m, although on some occasions during significant bloom events, additional samples were
also collected from near the surface (top) and from a depth of 12 m (bottom). Phytoplankton and
shellfish samples were couriered to the Cawthron phytoplankton and biotoxin laboratories and the
results of the analyses were available within 24 hours of receipt of the samples.

Prior to 2002, diarrhetic shellfish poisoning (DSP) toxicity of shellfish samples was analysed using
the standard mouse bioassay [2], after solvent extraction using the revised method of Hannah et al. [28].
However, because of the poor quantification and unreliability of the results of these tests, none of these
data are included in this analysis.

From 2002, all mussel samples were analysed using the multi-residue LC-MS/MS method for
lipophilic algal toxins developed and validated by McNabb et al. [21,22]. Shellfish tissue homogenates
(from a minimum of 12 fresh specimens) were blended with 90% aqueous methanol and the centrifuged
extract was cleaned-up with a hexane wash. LC-MS/MS was used for the quantitative analysis with
reversed phase gradient elution (Luna C18 5μm 150 × 2mm column; acidic buffer), electrospray
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ionisation (positive and negative ion switching), and multiple reaction monitoring (MRM). The MRM
channels were monitored in windows that covered the elution of the compounds of interest (precursor
> daughter): okadaic acid −ve 803.5 > 255.0, +ve 827.5 > 723.4; DTX-1 −ve 817.5 > 255.2, +ve 841.5
> 723.4; PTX-2 +ve 876.6 > 823.2; PTX-2 seco acid +ve 894.5 > 823.5. Okadaic acid and PTX-2 were
quantified with reference to certified reference materials (CRM-OA-d, CRM PTX2-b) from the National
Research Council, Canada. DTX-1 and PTX-2 seco acid were also calibrated with reference to these
standards after the application of relative response factors. Ester forms of dinophysistoxins (in this
case, exclusively DTX-1 esters) were detected as the parent toxin following alkaline hydrolysis of the
methanolic extract [29] and were reported as the total DTX-1.

Until 2016, the lower limits of reporting of PTX-2, PTX-2 seco acid, and total DTX-1, the only
lipophilic toxin residues of any significance in these shellfish, were <0.01, <0.01, and <0.05 mg kg−1,
respectively. From 2016 onwards, the limit of reporting of the total DTX-1 was also reduced to
<0.01 mg kg−1.
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Abstract: An end-product market survey on biotoxins in commercial wild harvest shellfish
(Plebidonax deltoides, Katelysia spp., Anadara granosa, Notocallista kingii) during three harvest seasons
(2015–2017) from the coast of New South Wales, Australia found 99.38% of samples were within
regulatory limits. Diarrhetic shellfish toxins (DSTs) were present in 34.27% of 321 samples but only in
pipis (P. deltoides), with two samples above the regulatory limit. Comparison of these market survey
data to samples (phytoplankton in water and biotoxins in shellfish tissue) collected during the same
period at wild harvest beaches demonstrated that, while elevated concentrations of Dinophysis were
detected, a lag in detecting bloom events on two occasions meant that wild harvest shellfish with
DSTs above the regulatory limit entered the marketplace. Concurrently, data (phytoplankton and
biotoxin) from Sydney rock oyster (Saccostrea glomerata) harvest areas in estuaries adjacent to wild
harvest beaches impacted by DSTs frequently showed elevated Dinophysis concentrations, but DSTs
were not detected in oyster samples. These results highlighted a need for distinct management
strategies for different shellfish species, particularly during Dinophysis bloom events. DSTs above the
regulatory limit in pipis sampled from the marketplace suggested there is merit in looking at options
to strengthen the current wild harvest biotoxin management strategies.

Keywords: diarrhetic shellfish toxins; Dinophysis; wild harvest; bivalve shellfish; pipis (Plebidonax
deltoides); Sydney rock oyster (Saccostrea glomerata)

Key Contribution: Our findings demonstrated that Dinophysis spp. were the main source of DSTs on
NSW wild harvest beaches. The detection of DST contaminated product above the regulatory limit
within the marketplace suggested there is merit in looking at options to strengthen the current wild
harvest management strategies.

1. Introduction

Bivalve shellfish are a major global commodity with current market analysis indicating a strong
demand for limited available produce [1]. In a demanding market, consumer confidence is essential
to support production increases. A major component of a bivalve shellfish safety program is the
management and mitigation of the potential risks from biotoxins. Globally, the impact of algal
toxins on shellfish aquaculture is variable. In some regions, there has been an apparent increase
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in the frequency and intensity of toxic events (e.g., recent paralytic shellfish toxins (PST) events in
Tasmania [2,3]) but with effective monitoring and management, the risk of illness outbreaks can be
minimised [4,5]. All biotoxin groups are of concern to shellfish safety managers, and more than
one toxin group can occur concurrently. In the case of Dinophysis spp., certain species can produce
diarrhetic shellfish toxins (Diarrhetic shellfish toxins (DSTs): okadaic acid (OA) and dinophysistoxins
(DTX)) at very low cell densities (200 cells/L) [6–8]. OA, DTX 1, and DTX-3 are diarrheagenic and some
OA/DTX analogues have been associated with tumor formation in laboratory studies on rodents [9–11].
Diarrhetic shellfish poisoning (DSP) was first described in the late 1970s following human illness
outbreaks in Japan [12], yet early reports of gastrointestinal illness suspected as DSP date back to
1961 [7]. The acute symptoms of DSP are generally alleviated within a few days and no fatalities from
acute cases of DSP have been recorded. Certain Dinophysis species can also produce pectenotoxins
(PTX, previously part of the DST complex), although there is no known evidence that PTXs are
toxic to humans [5]. Very high concentrations of Dinophysis can occur in thin layers and other micro
and mesoscale oceanographic structures, which means that species of this genus can be difficult to
detect [8,13–15]. These difficulties are compounded by the fact that Dinophysis species are generally
mixotrophic, and the laboratory culture of species of this genus has only recently been achieved [16–23].
Until this development, verifying toxins produced by individual species and understanding the factors
affecting toxin production have been challenging.

In New South Wales (NSW), Australia, bivalve shellfish aquaculture stretches along >2000 km
of coastline with a farm gate value of more than $AUD 47 million per year [24]. The main cultivated
species is the native Sydney rock oyster (Saccostrea glomerata). Other cultivated species include Pacific
oyster (Magallana gigas formerly Crassostrea gigas), native oyster (Ostrea angasi), and blue mussel
(Mytilus edulis). Seasonal (June–December) wild harvest shellfish collection from open beaches is
focused on pipis (‘clams’, Plebidonax deltoides) at up to 16 beaches (Figure 1). Gathering of cockles
(Katelysia spp., Anadara granosa) occurs within six oyster harvest areas, and a single operator collects
clams (Notocallista kingii) through offshore dredging along the NSW south coast (~36◦54.5′ S). Under
the NSW Marine Biotoxin Management Plan [25], shellfish collected or grown for human consumption
in NSW are subject to monitoring (phytoplankton in water adjacent to harvest areas and biotoxins in
shellfish flesh) to ensure that the product is safe to eat.

Three types of biotoxins are currently known to occur in NSW (amnesic shellfish toxin (AST),
diarrhetic shellfish toxins (DSTs) and paralytic shellfish toxins (PSTs)). In NSW, these toxin groups
are routinely monitored (biotoxin testing of shellfish flesh and microscopic analysis of water samples
for causative phytoplankton) in locations where shellfish are cultivated and harvested (or collected in
terms of wild shellfish) for human consumption. Neurotoxic shellfish toxins (NSTs) and azaspiracid
shellfish toxins (AZTs) have not been detected in NSW, or Australia, to date [3,26–29]. The permissible
level of biotoxins in shellfish is regulated in Standard 1.4.1 clause 3 of the Australia New Zealand Food
Standards Code [30] (The Code). The limits specified within The Code are similar to the European
Union (EU) and the United States of America (USA) regulatory standards (Table 1).
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Figure 1. Location of wild harvest beaches in New South Wales (NSW), Australia from which pipis
were harvested during the 2015–2017 harvest seasons.

Table 1. Regulatory limits for biotoxins in bivalve molluscs from the European Union (EU), United
States of America (USA) and Australian legislation.

Toxin Group EU [31] USA [32] Australia [30]

Amnesic shellfish toxin (AST,
domoic acid equivalent) 20 mg/kg 20 mg/kg 20 mg/kg

Diarrhetic shellfish toxins (DSTs,
okadaic acid equivalent) 0.16 mg/kg 0.16 mg/kg 0.20 mg/kg

Paralytic shellfish toxins (PSTs,
saxitoxin equivalent) 0.80 mg/kg 0.80 mg/kg 0.80 mg/kg

Neurotoxic shellfish toxins (NSTs,
brevetoxin-2 equivalent) n/a 1 0.8 ppm or 200 MU/kg 200 MU/kg

Azaspiracid shellfish toxins (AZTs) 0.16 mg/kg 0.16 mg/kg n/a 2

1 not applicable, there are currently no EU regulatory limits for NSTs; 2 not applicable, AZTs have not been detected
in Australia. If identified, international regulatory limits would apply.

Since the establishment of the current phytoplankton and biotoxin monitoring program by the
NSW Food Authority in 2005, all three of the major toxin groups (AST, DSTs, PSTs) have been detected
in shellfish tissue in NSW [29]. Biotoxin data from wild harvest beaches have shown detections
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of DSTs in pipis related to Dinophysis spp., with occasional reports of AST (NSW Food Authority
2018, unpublished data). While the NSW dataset did not report the presence of PSTs in pipis, PSTs,
DSTs, and AST have been reported in shellfish species (cockles and clams) from similar intertidal or
sandy-bottomed marine habitats (e.g., AST: razor clam (Siliqua patula) Washington State, USA [33–35],
DSTs: littleneck clam (Leukoma staminea), varnish clam (Nuttallia obscurata), manila clam (Ruditapes
philippinarum syn. Venerupis philippinarum) Washington State, USA [34] and PSTs: surf clam (tuatua,
Paphies subtriangulata) Bay of Plenty, New Zealand [36]).

Historically, in NSW, most phytoplankton toxin-related illnesses have been linked to ciguatoxin
in migratory and imported reef fish [37–39] rather than bivalve shellfish. To date, no illnesses linked to
biotoxins from NSW oyster or mussel aquaculture areas have been reported (NSW Food Authority
2018, unpublished data). Before the establishment of routine monitoring on NSW wild harvest
beaches, two illness outbreaks occurred following consumption of pipis. Both outbreaks were
associated with DSTs in 1997 (north NSW coast; 102 cases including, 46 anecdotal) [40] and 1998
(mid-north NSW coast; >20 cases) [27,41]. In Australian waters, 36 species of Dinophysis have been
documented [28,42,43], of which Dinophysis acuminata (Claparède and Lachmann), Dinophysis acuta
(Ehrenberg), Dinophysis caudata (Saville-Kent), Dinophysis fortii (Pavillard), and Dinophysis tripos
(Gourret) are known toxin producers, along with Phalacroma mitra (syn. Dinophysis mitra). Reports of
Dinophysis and DST events elsewhere in Australia have been few, although the availability of long-term
phytoplankton and biotoxin datasets across all Australian states is limited. A single case of DSP
from pipis collected from a beach on North Stradbroke Island, Queensland was reported in 2000 [44].
DSTs above the regulatory limit have been reported in pipis from NSW (suspected D. acuminata) [45],
in oysters from South Australia (D. acuminata) [46], and in mussels from Tasmania (D. acuminata and
D. fortii) [47].

Given the frequent reports of DSTs both above and below the regulatory limit in wild harvest
shellfish when compared to aquaculture shellfish in NSW [29,45], coupled with an increasing demand
and value of pipis [48], further investigation into potential consumer risk from biotoxins was required.
In the current study, an end-product survey was carried out over three wild harvest seasons (2015–2017)
to evaluate the biotoxin management of wild shellfish harvest operations.

2. Results

2.1. Wild Harvest Shellfish End-Product Market Survey

Of the samples tested, 99.38% complied with regulatory limits. DSTs were detected only in pipi
samples (40.59%, 110 of 271 samples). AST was detected in three pipi and two strawberry clam samples
(maximum reported level = 3.50 mg/kg domoic acid (DA)). PSTs were not detected during the survey
(Table 2). During the sampling period, two market survey samples exceeded the DST regulatory
limit (0.20 mg/kg OA, Lighthouse Beach, Date of harvest (DOH) 19 December 2016, 0.23 mg/kg OA;
Stockton Beach DOH 27 September 2017, 0.21 mg/kg OA).

Over the three wild harvest seasons, positive DST results in pipi samples were 82.35 (2015),
22.00 (2016), and 38.33 (2017) % across the state (Table 3). Okadaic acid was the single DST analogue
identified during the survey. Examination of the spatial and temporal distribution of positive DST
results (Table 4) indicated that positive detections at Stockton Beach (Figure 1) during the 2016 and
2017 wild harvest seasons occurred during weeks 33–39 (Table 4) earlier than beaches further north
(weeks 45–52) (Table 4). This spatial pattern was not apparent during 2015 due to a shorter sampling
window between November to December (Table 4). Data from 2015 to 2017 demonstrated that positive
biotoxin results persisted throughout the wild harvest season once detected at most beaches (Table 4).
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Table 2. All NSW wild harvest shellfish samples collected as part of the end-product market
survey November 2015–December 2017. Each sample was a homogenate of the soft tissue of 15–20
individual shellfish.

Shellfish Type n = 321
AST

(No. Positive/Above
Regulatory Limit)

DST
(No. Positive/Above

Regulatory Limit)

PST
(No. Positive/Above

Regulatory Limit)

Pipis
(Plebidonax deltoides) 271 3/0 110/2 0/0

Cockles
(Katelysia spp.

Anadara granosa) 1
47 0/0 0/0 0/0

Strawberry clam (cockle)
(Notocallista kingii) 3 2/0 0/0 0/0

1 Gymnodimine was detected in four samples (0.028, 0.041, 0.041, 0.072 mg/kg).

Table 3. All pipi samples (positive DST detections and total number of samples) from wild harvest
beaches collected as part of the end-product market survey during the 2015, 2016, and 2017 wild
harvest seasons. Each sample was a homogenate of the soft tissue of 15–20 individual shellfish.

Wild Harvest Beach
(North–South)

2015 (Positive/Total) 2016 (Positive/Total) 2017 (Positive/Total)

South Ballina Beach 7/7 1/16 0/15
Iluka Beach 1/1 - 0/10

Killick Beach - 1/5 3/12
Goolawah Beach 12/12 2/7 6/14

South Plomer Beach - 0/1 -
Lighthouse Beach 13/13 5/11 2/3
Dunbogan Beach - 3/6 6/7

Crowdy Head Beach 6/9 3/11 4/12
Tuncurry Beach - 0/1 -

Yagon Beach 2/5 1/19 5/12
Big Gibber Beach - 0/7 -
Stockton Beach 1/2 6/16 20/35
Unconfirmed 1 0/2 - -

Total 42/51 22/100 46/120
1 Supplying co-op notified regarding labelling requirements.

2.2. Wild Shellfish Harvest Beaches Phytoplankton and Biotoxin Samples

During the 2015–2017 wild harvest seasons, 1097 phytoplankton samples were collected from
sixteen wild harvest beaches (Table 5, Figure 1). The maximum concentration of Dinophysis spp.
reported was 9330 cells/L from Stockton Beach (Table 5). Seventeen samples from six beaches contained
concentrations of Dinophysis spp. above the phytoplankton action level (PAL) of 500 cells/L [25]
(Table 5). Following the PAL exceedance and the subsequent biotoxin tests conducted, two shellfish
(pipi) samples (2015 and 2017) exceeded the regulatory limit for DSTs (South Ballina 0.29 mg/kg OA,
0.03 mg/kg PTX2, October 2015 and Stockton Beach 0.46 mg/kg OA, October 2017) (Table 5, Figure 1).
A pattern of elevated Dinophysis spp. concentrations detected at Stockton Beach (Figure 1) earlier than
beaches further north was apparent (for example refer to Figure 2).
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Table 4. Spatial and temporal distribution of okadaic acid (mg/kg OA) in pipi samples collected as part
of an end-product wild harvest market survey (2015, 2016 and 2017 harvest seasons). The locations and
week numbers listed correspond to the beach where the shellfish were collected and the harvest date,
respectively. Where more than one sample was collected the range of results are provided, with the
number of samples noted in brackets. For clarity of presentation, the okadaic results are round to two
decimal places. The locations of wild harvest beaches listed each year in the order of north to south are
shown in Figure 1.

Table 5. Summary of monitoring data (phytoplankton and biotoxin) from wild harvest beaches
collected during the 2015, 2016, and 2017 wild harvest seasons.

Wild Harvest Monitoring Data 2015 2016 2017 All

No. of phytoplankton samples collected 310 411 376 1097
No. of phytoplankton samples >500 cells/L Dinophysis spp. 7 8 2 17

South Ballina Beach/Max cells/L Dinophysis spp. 2760 1760 - -
Iluka Beach/Max cells/L Dinophysis spp. 520 - - -

Killick Beach/Max cells/L Dinophysis spp. 625 650 - -
South Plomer/Max cells/L Dinophysis spp. 825 - - -

Stockton Beach/Max cells/L Dinophysis spp. 9330 - 530 -
Bherwerre Beach/Max cells/L Dinophysis spp. - - 500 -

No. of DST tests 10 10 6 26
No. of DST positive results 8 1 1 2 4 4

No. of DST results > 0.2 mg/kg OA 1 0 1 2
1 Three positive test results were not quantified; 2 One positive test result was not quantified.
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Figure 2. Temporal distribution of Dinophysis spp. (log (cells/L + 1), black circle) and okadaic acid
(mg/kg) from market survey (black triangle) and routine monitoring (white square) biotoxin samples
at South Ballina Beach 2015 (A) and 2016 (B); Iluka Beach 2015 (C); Killick Beach 2015 (D) and 2016 (E);
Stockton Beach 2015 (F) and 2017 (G); and Lighthouse Beach 2016 (H). Note: a zero result is equivalent
to <0.025 mg/kg OA, dashed line indicates regulatory limit of 0.2 mg/kg OA, nq = not quantified Wild
harvest beaches are listed north to south and their locations are provided in Figure 1.
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2.3. Comparison of Market Survey and Wild Shellfish Harvest Data

Market survey data were available for comparison to pipi wild harvest monitoring data for four
(South Ballina Beach, Iluka Beach, Killick Beach and Stockton Beach) of the six locations where the
PAL for Dinophysis spp. was exceeded (Table 5). For five of the six Dinophysis bloom events, biotoxin
samples supported the existing biotoxin management plan, and all market survey results were below
regulatory limits for DSTs (Figure 2A–F,H). On one occasion (Figure 2G), a biotoxin sample from pipis
collected from Stockton Beach on 27 September 2017 (week 39) returned a positive result of 0.21 mg/kg
OA. Dinophysis spp. concentrations were 448 cells/L in a seawater sample collected Stockton Beach
during week 39 (24 September). Cell concentrations above the PAL (500 cells/L) for this group were
not reported until week 40 (2 October). Biotoxin samples collected from the beach during weeks 41
(8 October) and 42 (15 October) returned positive results of 0.15 and 0.46 mg/kg OA, respectively
(regulatory limit 0.2 mg/kg OA), while cell concentrations appeared to decline (480 and 69 cells/L for
weeks 41 and 42, respectively).

At South Plomer Beach (2015) and Bherwerre Beach (2017), in lieu of biotoxin testing, the wild
harvest industry chose to cease harvest when the PAL exceedances for Dinophysis spp. were reported
(Table 5). No market survey samples were collected for either of these beaches.

An alternative comparison was the positive, above regulatory limit, biotoxin result of 0.23 mg/kg
OA to phytoplankton results. The positive sample was from Lighthouse Beach (Figure 1) and pipis
collected on 19 December 2016. The preceding phytoplankton samples from this beach did not indicate
an increase in Dinophysis spp. (Figure 2H), with cell concentrations <150 cells/L.

2.4. Phytoplankton and Biotoxin Samples from Oyster and Mussel Harvest Areas

Up to ten species of Dinophysis were observed in water samples from shellfish aquaculture areas
across the state (D. acuminata, D. caudata, D. rotundata (= Phalacroma rotundatum), D. acuta, D. tripos,
D. fortii, D. truncata, D. schroederi, D. mitra (= Phalacroma mitra) and D. hastata) (refer Figure S1).
D. acuminata was the most common species observed. D. acuminata was observed in all estuaries
except for the Tweed River (Table 6). From the available data, D. acuminata was observed to be
present in elevated (up to 3200 cells/L) concentrations on the north NSW coast between August and
December (Table 6). The second most common species observed was D. caudata (Table 6). Maximum
concentrations (up to 1500 cells/L) were reported between November and June, but the distribution
of D. caudata between estuaries was more variable (Table 6). The other Dinophysis spp. observed did
not exceed the 500 cells/L PAL and these species were generally observed south of 31◦38′ S (data not
shown). Biotoxin testing from shellfish aquaculture areas during this period did not detect DTX or OA
positive results [29] (NSW Food Authority, unpublished data). Pectenotoxin-2 was detected at low
concentrations (max 0.036 mg/kg) in two samples from Wonboyn Lake (37◦17′ S) [29].
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3. Discussion

Most wild shellfish harvest in NSW is focused on mid-north and north coast beaches and coincides
with seasonal Dinophysis events during the Austral spring and summer months. Our study conducted
over three consecutive wild harvest seasons in NSW highlighted DSTs as the main concern due to
their presence in over one-third of the shellfish samples tested. On two occasions, DSTs were detected
above the regulatory limit in the marketplace and suggested that the current wild harvest biotoxin
management processes could be strengthened. In the first scenario, cell concentrations at Lighthouse
Beach did not exceed the PAL for Dinophysis spp. This elevated DST result was reported following the
annual closure of the harvest season, and further phytoplankton or biotoxin samples were not available
to evaluate how or if the bloom progressed. During the second incident, Dinophysis concentrations
at Stockton Beach did not exceed the PAL until a week after a DST result above the regulatory limit
was detected. Both circumstances resulted in shellfish above the regulatory limit for DSTs entering
the market. While no illnesses were reported related to these events, this study was an opportunity
to consider improvements in the current wild harvest biotoxin management plans. While this study
highlights the potential risk of DST contaminated product entering the marketplace, the emphasis on
other biotoxin groups could be redirected if there was a shift in dominant harmful phytoplankton near
existing beaches, or if the industry chose to relocate to a location where different biotoxins were present.

Dinophysis spp. cell densities reported from wild harvest beaches varied along the NSW coast.
Without a full understanding of how pipis uptake and depurate DSTs it is difficult to elucidate the
patterns involved. The dynamics of intertidal habitats are not readily comparable to studies of uptake
and depuration of DSTs in mussels and oysters in planktonic environments (e.g., Pitcher et al. [49],
Wallace 2011 [47]). As depuration of biotoxins from clams and pipis tends to be slower than oysters
and mussels [5,36,50], this may result in prolonged periods where positive toxins are detected. As in
other surf clams, pipis feed via a siphon. In the butter clam (Saxidomus giganteus) PSTs have been
found to accumulate and be retained in the siphon [51], and we hypothesise that a similar mechanism
could be occurring in pipis. Moreover, the uptake and depuration of toxins varies substantially
between bivalve species. The northern quahog (Mercenaria mercenaria) can selectively feed during
exposure to Alexandrium by retracting its siphon and closing its valve [52,53]. In contrast, selective
feeding of Dinophysis spp. has been observed via examination of the gut of the Mediterranean mussel
(Mytilus galloprovincialis) [54]. There is no information published on the uptake or depuration dynamics
of DSTs by pipis specifically, and more investigation is required.

Other possible reasons for the disparities between the beach monitoring data and market survey
data in this study could be attributed to the natural non-homogenous distribution of phytoplankton,
toxin variability between individual cells or strains of Dinophysis spp., the current phytoplankton net
sampling technique or a combination of these. In addition, knowledge of the bloom dynamics involved
are limited by phytoplankton data reported to genus level only and lack of simultaneous environmental
data (e.g., temperature, salinity, turbidity, current data). The current study demonstrated that weekly
phytoplankton sampling alone was not sufficient to ensure that shellfish product with DSTs above the
regulatory limit were not harvested. At Stockton Beach, the beach was closed to harvest following
the report of the above DST regulatory limit market survey result. DST concentrations, both below
and greater than twice the regulatory limit, were reported from shellfish (pipi) samples collected at
Stockton Beach in the following weeks. The incorporation of routine biotoxin monitoring into the
wild harvest monitoring program would improve understanding of variability in toxin concentrations
over short time periods and unknown differences between toxic strains of Dinophysis in this region.
Furthermore, and pending an appropriate risk analysis, a shift to a seasonal quota system for the NSW
wild harvest shellfish industry could allow fishers to collect pipis during lower risk periods.

Concurrent phytoplankton data from shellfish aquaculture areas demonstrated that D. acuminata
was the predominant Dinophysis species occurring in NSW estuaries, with greatest concentrations
observed in estuaries north of 32◦42′ S during the Austral spring and summer. Ajani et al. [55]
have also reported peaks of Dinophysis cell concentrations during summer (January) offshore of
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Sydney (Port Hacking). This information is comparable with other field studies of Dinophysis in
Australia. Takahashi et al. [56] found that on North Stradbroke Island, Queensland, Australia that
Dinophysis spp. were more common during warmer months, with D. acuminata only reported on
open beaches between November and January. Reports on Dinophysis spp. in Australian waters
have shown the genus to be “common but rarely abundant” [3,26–28,57]. A study on Dinophysis spp.
within the upper reaches of the Hawkesbury river estuary demonstrated a similar seasonality to this
study with D. acuminata and D. caudata having greatest abundances in spring and summer/autumn,
respectively [57]. While phytoplankton sampling was by undertaken different methods in estuaries and
beaches, data from the present study supports the view that D. acuminata was the main source of DSTs in
pipis. More data are required to substantiate this extrapolation, but it is a likely explanation given that
elevated concentrations of Dinophysis spp. and the presence of OA in wild harvest samples occurring
within a similar season (early October onwards). Historical illnesses linked to DSTs in pipis from NSW
were assumed to be caused by D. caudata and pectenotoxin-2 and pectenotoxin-2-seco acids [44]. It was
later clarified that OA derivatives from D. acuminata had been the causative agents [58]. Additionally,
Prorocentrum spp. were not considered to be a cause of DSTs in NSW [29]. While linked to toxin
production historically elsewhere, Prorocentrum spp. have not been found to be toxin producing in NSW
to date [29]. Negative DST results in estuarine shellfish harvest areas suggest that Dinophysis acuminata
blooms in NSW originate offshore or along the coastline. Ajani et al. [26] also showed that D. acuminata
was significantly more abundant at downstream sites when compared to upstream sites within NSW
estuaries, thus, supporting the oceanic origin hypothesis. While further investigation is needed into
if and how Dinophysis blooms are transported into NSW estuaries, similar along-shore transport has
been observed for Dinophysis in other locations (e.g., Spain/Portugal [59], Ireland [14]).

More than twelve years of routine phytoplankton and biotoxin data from estuaries has
demonstrated a low risk of DSTs and other phytoplankton toxin groups for NSW oyster consumers,
and the current monitoring in estuaries is effective at minimising consumer risk [29]. Mussels generally
accumulate DSTs more readily than oysters (e.g., Pitcher et al. [49]) and while during this study pipis
were the main species affected by DSTs in NSW, oyster samples from South Australia have shown
DSTs above the regulatory limit [46]. Worldwide, new cases and outbreaks of DST are still occurring
(e.g., British Columbia [60], China [61], Brazil [62]). While the occurrence of DSTs has been variable
in NSW [3,29,45], a DST event in Tasmania during 2016 was responsible for a recall of mussels from
a location that was not previously known to be impacted by DSTs [63]. In a changing environment,
where phytoplankton blooms are seemingly more frequent and intense [7,8,64,65], management
strategies need to be adaptable to manage the potential risks for shellfish consumers. The use of
sentinel species or passive samplers may be an option for risk management, but these techniques can
have limitations depending on the harvest area conditions or targeted toxins (e.g., [66,67]). Historically,
phytoplankton and biotoxin monitoring programs have been established following illness outbreaks
(e.g., monitoring of wild harvest beaches in NSW following DSP events and Thermaikos Gulf in
Thessaloniki, Greece [68]) but long-term data can help inform existing shellfish safety programs.
For example, at the Coorong harvesting area in SA, routine biotoxin testing during the pipi harvest
season occurs monthly at one location. This regime increases to a fortnightly sampling frequency
for biotoxins at three sample locations during upwelling events, which can impact phytoplankton
production (C. Wilkinson, pers comm).

In NSW, due to extended consecutive DST positive results during Dinophysis bloom events, pipi
harvesters tend to relocate and operate in other open status beaches rather than continue testing at
‘positive’ beaches. Protection of consumers from biotoxin-related illnesses is critical in maintaining
customer confidence in shellfish produce and to safeguard the growing wild harvest shellfish industry
in NSW. More data are required to understand Dinophysis bloom dynamics and to substantiate that
D. acuminata is the main source of DSTs in pipis in NSW. The notable occurrences of DST positives
presented in this study suggest that there is merit in augmenting the current testing regime on wild
harvest beaches by adopting a regime that includes frequent biotoxin monitoring. The development of
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more cost-effective, rapid and reliable test methods would improve risk management while maximising
harvesting opportunities for industry.

4. Materials and Methods

4.1. End-Product Market Survey

4.1.1. End-Product Sample Collection (Shellfish)

End-product market survey shellfish sample collection focused on Sydney Fish Market, Sydney,
Australia, as most wild harvest shellfish collected in NSW is consigned through the market for
auction. Between November 2015 and December 2017, 323 wild harvest shellfish samples were
collected (Table S1). Wild shellfish harvest is focused on mid-north and north coast beaches in NSW
(Figure 1, Figure S2). Pipis were the predominant wild harvest shellfish available for sale at the time of
sampling (Table 2). Sampling frequency was increased from monthly to weekly between September
and December during each year (Table S1) in line with historical phytoplankton data and positive DST
detections from wild harvest beaches in NSW [26,45]. Depending on the amount of wild harvest stock
on sale, more than one sample from a wild harvest beach was collected, as often multiple licensed
individuals collect shellfish on the same beach. In addition, on some beaches there were more than
one wild harvest collection group operating (Table S2). Each shellfish sample was a homogenate of
the soft tissue of 15–20 individual shellfish (min. 100 g of meat was collected). The samples were
kept chilled and either delivered to a National Association of Testing Authorities (NATA) accredited
biotoxin laboratory (Symbio Laboratories, Sydney) within 1 h of collection or frozen (−20 ◦C) for
later analyses.

4.1.2. Biotoxin Testing of Shellfish Samples

All end-product market survey samples were screened for PSTs by high performance liquid
chromatography (HPLC) [69]. Initial screening for PSTs included the analogues STX, GTX2,3, C1,2,
GTX5, NEO, dcNEO, and GTX1,4. If a positive result was reported, pre-column oxidation was used
to confirm concentrations of STX, GTX2,3, C1,2, GTX5, dcSTX, dcGTX2,3, NEO, dcNEO, GTX1,4,
C3,4. AST (domoic acid (DA)), and DSTs (OA, dinophysistoxin 1 (DTX-1), dinophysistoxin 2 (DTX-2)),
and pectenotoxin 2 (PTX-2) by liquid chromatography tandem mass spectrometry (LCMS/MS) [70–72].
The lipophilic toxins cylindrospermopsin, gymnodimine, spirolide 1, azaspiracid 1, azaspiracid 2,
azaspiracid 3, and yessotoxin were also included as part of the LCMS/MS screen [71]. Positive
toxin results were equivalent to ≥1.00 mg/kg DA (AST), ≥0.25 mg/kg OA equivalents (DSTs) and
≥0.10 mg/kg STX equivalents (PSTs).

4.2. Routine Monitoring at Shellfish Harvest or Collection Areas

4.2.1. Sample Collection for Phytoplankton Analyses (Water)

Phytoplankton and biotoxin data collected within the same timeframe as the market survey
samples (November 2015–December 2017) from both wild harvest beaches and shellfish aquaculture
areas were compared to the market survey data. The current NSW Food Authority monitoring program
for phytoplankton and biotoxins in NSW distinguishes between aquaculture and wild shellfish harvest
areas. The location of phytoplankton and biotoxin sample sites are designated as representative of the
water filtered by shellfish in each location [25,73].

Routine phytoplankton samples for wild harvest shellfish and shellfish aquaculture areas are
collected weekly and fortnightly during the open harvest status, respectively. Samples are collected
by trained shellfish industry members. During each wild harvest season, a weekly phytoplankton
sampling program was followed. Seawater samples (~50 L = 5 × 10 L buckets of seawater) were
concentrated by a 20 μm mesh phytoplankton net (to ~500 mL) and preserved with Lugol’s Iodine.
When open for harvest, shellfish aquaculture areas were subject to the collection of fortnightly discrete

101



Toxins 2018, 10, 446

sub surface (0.5 m) estuarine water samples (500–1000 mL), with a phytoplankton net surface drag
sample collected at each sample site. Both samples were preserved with Lugol’s Iodine for later
analysis by microscope for potentially harmful species listed in Appendix 9 of the NSW Marine
Biotoxin Management Plan [25]. Sub-samples (1 mL) of concentrated seawater samples from wild
harvest beaches were analysed. Note that phytoplankton concentrations reported from wild harvest
beach samples were identified to genus level only. Estuarine water samples from shellfish aquaculture
areas were concentrated by gravity-assisted membrane filtration (5 μm) prior to analysis. Simultaneous
phytoplankton net haul samples were utilised to assist with identification. As a cost saving measure,
if a PAL is reported, industry may choose to delay sampling. For example, the wild harvest beaches
can be closed for collection until subsequent phytoplankton and biotoxin testing demonstrates that
any contamination has ceased (Figure 3).

Figure 3. Phytoplankton and biotoxin monitoring program for wild harvest beaches in NSW [25].

4.2.2. Sample Collection for Biotoxin Testing (Shellfish)

On wild harvest beaches, biotoxin samples were collected when a PAL was exceeded (for example
>500 cells/L Dinophysis spp.) [25]. Biotoxin sampling occurred weekly if a wild harvest beach was
open and toxin levels were below regulatory limits. Shellfish aquaculture areas were also subject to
routine monthly biotoxin sampling when the harvest areas were open for harvest. Shellfish tissue
samples (12–14 individuals, min. 100 g flesh) were collected, shucked and frozen prior to dispatch for
biotoxin analysis at a NATA accredited laboratory. Shellfish samples from aquaculture or wild harvest
areas were analysed for biotoxins either by Jellett screening (Jellett Rapid Testing Ltd., Nova Scotia,
Canada) or by the qualitative methods, as above.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/10/11/446/
s1, Table S1: Summary of frequency of wild harvest sample collection at Sydney Fish Market during the 2015,
2016 and 2017 wild harvest seasons, Table S2: All active wild harvest beaches along the New South Wales coast
during the 2015, 2016 and 2017 wild harvest seasons. The number of wild harvest collection groups operating on
each beach during each season is also provided, Figure S1: Images of Dinophysis spp. observed in NSW coastal
waters under light (A–B and D–F) and calcofluor fluorescence (C,G) microscopy. A–C: Dinophysis acuminata D–E:
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Dinophysis caudata, F–G: Dinophysis tripos. Images provided by Dr. S. Brett (Microalgal Services), Figure S2: Total
weight (kg) of pipis sold each week from north (A) and south (B) coast NSW wild harvest beaches between 2012
and 2017 (data provided by Sydney Fish Market).
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Abstract: Causative species of Harmful Algal Bloom (HAB) and toxins in commercially exploited
molluscan shellfish species are monitored weekly from four classified shellfish production areas in
Perú (three in the north and one in the south). Okadaic acid (OA) and pectenotoxins (PTXs) were
detected in hand-picked cells of Dinophysis (D. acuminata-complex and D. caudata) and in scallops
(Argopecten purpuratus), the most important commercial bivalve species in Perú. LC-MS analyses
revealed two different toxin profiles associated with species of the D. acuminata-complex: (a) one
with OA (0.3–8.0 pg cell−1) and PTX2 (1.5–11.1 pg cell−1) and (b) another with only PTX2 which
included populations with different toxin cell quota (9.3–9.6 pg cell−1 and 5.8–9.2 pg cell−1). Toxin
results suggest the likely presence of two morphotypes of the D. acuminata-complex in the north,
and only one of them in the south. Likewise, shellfish toxin analyses revealed the presence of PTX2
in all samples (10.3–34.8 μg kg−1), but OA (7.7–15.2 μg kg−1) only in the northern samples. Toxin
levels were below the regulatory limits established for diarrhetic shellfish poisoning (DSP) and PTXs
(160 μg OA kg−1) in Perú, in all samples analyzed. This is the first report confirming the presence of
OA and PTX in Dinophysis cells and in shellfish from Peruvian coastal waters.

Keywords: okadaic acid; pectenotoxins; Dinophysis; D. acuminata-complex; D. caudata;
Argopecten purpuratus

Key Contribution: This study shows that the D. acuminata-complex in northern Peru produces OA
and PTX2 and in the southern zone only PTX2. D. caudata only produces PTX2. No DTXs were
detected in the analyzed cells. The same profile was observed in the scallop Argopecten purpuratus,
suggesting that only these toxins are produced by the phytoplankton species analyzed in these areas.

1. Introduction

Diarrhetic shellfish poisoning (DSP) toxins cause a gastrointestinal human health syndrome with
the main symptoms being nausea, diarrhea, vomiting, and gastrointestinal pain [1,2]. Okadaic acid
(OA) and its congeners, dinophysistoxins (DTX1, DTX2), their high-polarity precursors (DTX4, DTX5),
and their 7-O-acyl-derivatives (“DTX3”) are liposoluble polyethers that have been designated as
diarrhetic shellfish toxins [3–5]. Pectenotoxins are liposoluble, non-diarrheogenic, polyether lactones
which may co-occur with DSP toxins and can be coeluted with them [6] using the usual extraction
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procedures. The two groups of toxins have been found in different species of Dinophysis (D. acuminata,
D. acuta, D. caudata, D. fortii, D. infundibula, D. miles, D. norvegica, D. ovum, D. sacculus, D. tripos) and
two species of Phalacroma (P. mitra, P. rotundatum) [5]. In addition, OA and its congeners have been
found in several benthic species from the genus Prorocentrum (P. concavum, P. texanum, P. arenarium,
P. lima) [5,7,8].

Filter-feeding bivalves accumulate algal toxins and are the main vectors transferring them to
humans through the food web. DSP toxins and pectenotoxins (PTXs) pose a global threat to public
health and aquaculture [9–12]. The analysis of DSP toxins for monitoring programmes in Perú have
been carried out only by mouse bioassay [13], and there is no information on the toxin profiles of either
the potentially toxic species of Dinophysis or of the contaminated molluscan shellfish. Nevertheless,
D. acuminata, D. caudata, D. tripos, and Phalacroma rotundatum (=Dinophysis rotundata) have been reported
in Peruvian coastal waters [14], and their toxins associated with positive results for lipophilic toxins
in mouse bioassays [13]. There have also been reports on the occurrence of the benthic dinoflagellate
Prorocentrum lima [13], but to date this species has not been associated with DSP events in Perú.

During 2017 and 2018, seawater and shellfish samples were collected from classified shellfish
production areas (Figure 1), in the framework of the Molluscan Shellfish Safety Programme (PCMB) of
the National Fisheries Health Organization of Perú (SANIPES), to establish the relationship between
the toxic profiles detected in shellfish and the occurrence of potentially toxic dinoflagellates.

Figure 1. Selective ion chromatograms from the LC-MS/MS analyses of isolated cells of Dinophysis
acuminata-complex in: (a) multitoxin standard, 3 ng mL−1; and (b) chromatogram of the sample from
Bahía de Sechura-Vichayo, where the absence of DTX1 (increase ×10,000) and DTX2 (increase ×950)
was observed.
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2. Results

Chromatograms from the LC-MS/MS analyses of hand-picked cells showed that the toxin profile
of Dinophysis acuminata-complex cells from the northernmost production area (Sechura Bay) included
OA and PTX2 (Figure 1b).

Other toxins, such as DTX1 and DTX2, were not found (LOD = 0.16 ng mL−1). In contrast, only
PTX2 was detected in the analyses of picked cells of Dinophysis cf. acuminata and D. caudate from the
other three areas (i.e., Independencia Bay, Samanco Bay, and Salinas), with an average toxin content of
9.3 pg PTX2 cell−1 (Table 1).

Table 1. Toxin content in isolated cells of Dinophysis.

Date (d/m/y) Location
Sampling
Depth (m)

Species
Picked Cells

(No.)
OA

(pg Cell−1)
PTX2

(pg Cell−1)

27/01/2017 Independencia Bay 0–8 D. acuminata-complex 150 <LOD * 9.6

09/02/2017 Samanco Bay 0–15 D. caudata 92 <LOD * 9.2

10/04/2017 Salinas 0–15 D. acuminata-complex 204 <LOD * 9.3

24/03/2018 Sechura Bay
(Vichayo) 0–15 D. acuminata-complex 440 0.8 11.1

24/03/2018 Sechura Bay
(Puerto Rico) 0–15 D. acuminata-complex 400 0.3 1.5

14/04/2018 Sechura Bay
(Parachique) 0–15 D. caudata 400 <LOD * 5.8

* LOD: 0.16 ng mL−1. OA: okadaic acid; PTX: pectenotoxin.

The same profile of toxins present in the cells was detected in the shellfish Argopecten purpuratus
from the same production areas (Table 2).

Table 2. Toxin content in Argopecten purpuratus (whole flesh).

Date
d/m/y

Place
OA μg kg−1

Post-Hydrolysis
PTX2

μg kg−1

27/01/2017 Independencia Bay-El Queso <LOD * 22.2
09/02/2017 Samanco Bay <LOD * 20.3
10/04/2017 Salinas <LOD * 10.3
14/04/2018 Sechura Bay-Puerto Rico 10.4 34.8
14/04/2018 Sechura Bay-Barrancos 8.6 20.8
14/04/2018 Sechura Bay-San Pedro 15.2 27.6
05/05/2018 Sechura Bay-Las Delicias 7.7 10.7

* LOD: 1.6 μg kg−1.

3. Discussion

Okadaic acid and PTX2 were detected in both Dinophysis cells and scallops. In some cases, both
toxins were present but in others only PTX2 was detected. There are previous reports on Dinophysis
species with a toxin profile constituted by only PTX2. That was the case with D. acuminata cells isolated
from Inglesa Bay [15] and from Reloncaví estuary [4], both from Chile, as well as with D. caudata from
the Galician Rías Bajas, northwest Spain [16] and D. acuminata from Danish waters [17]. Likewise, our
analyses of shellfish meat from the same areas in Perú were in agreement with the toxin profiles of
the dinoflagellates, that is, just PTX-2 (10.3–22.2 μg PTX2 kg−1 meat) and no traces of OA in the areas
where Dinophysis species had the same profile.

The Peruvian strains of Dinophysis seemed to contain much lower amounts of toxin per cell
than those reported from Galicia, Spain (D. caudata: 100.0–127.4 pg PTX2 cell−1) [16] and from Chile
(D. acuminata: 180 pg PTX2 cell−1), which had a toxin content one order of magnitude higher than the
Peruvian strains (Table 2).
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Cells of Dinophysis acuminata-complex around Sechura Bay showed a higher variability in their
PTX2 content, with values ranging from 1.5 to 11.1 pg cell−1 and to a lesser extent in their OA cell quota
(from 0.3 to 0.8 pg cell−1). We do not know if this variability is due to the co-occurrence of different
species of the D. cf. acuminata in the same area. Nevertheless, previous laboratory experiments and
field data have shown a large variability of toxin content per cell of Dinophysis associated with different
phases of the population growth and their interaction with environmental conditions [18]. More
studies, including physiological and genetic factors affecting toxin profiles and content, are needed to
clarify these questions. The presence of OA and PTX2 has been also reported in D. acuminata from Lake
Orbetello, Italy [19] and in New Zealand [20], USA [4], and Japan [21], where other toxins (e.g., DTX1
and some PTX analogues) were also reported.

D. caudata from the same bay had 5.8 pg PTX2 cell−1. Therefore, there was a co-occurrence of two
toxic Dinophysis species in this area. Scallop samples (“concha de abanico”) during the occurrence of
these species reached toxin levels ranging from 7.7 to 15.2 μg OA kg−1 and from 10.7 to 34.8 μg PTX2
kg−1 (Table 2).

The low toxin content found in Dinophysis cells in Perú suggests a low risk of DSP toxins
accumulation in shellfish above the regulatory levels. That was the case during the 2 years (maximum
levels in Independencia Bay: <LOD OA and 22.2 μg kg−1 PTX2; Samanco Bay: <LODOA and
16.4 μg kg−1 PTX2; Salinas: <LOD OA and 12.2 μg kg−1 PTX2; Sechura Bay-Puerto Rico: 10.4 μg kg−1

OA and 48.2 μg kg−1 PTX2; Sechura Bay-Barrancos: 8.6 μg kg−1 OA and 21.0 μg kg−1; Sechura
Bay-San Pedro: 15.2 μg kg−1 OA and 43.7 μg kg−1 PTX2; and Sechura Bay-Las Delicias: 7.7 μg kg−1

OA y 19.6 μg kg−1, June 2016–May 2018) of toxin monitoring of scallops, A. purpuratus, by LC-MS/MS.
During this period, toxin levels never reached regulatory limits, although Dinophysis densities above
104·cells L−1 were recorded. Dinophysis densities of around 103 cells L−1 are considered a bloom, and
have often been related to toxic outbreaks in other parts of the world [5].

4. Conclusions

The toxin profiles, including OA and PTX2, of several species of Dinophysis and of scallops
(Argopecten purpuratus) from shellfish production areas in Perú were characterized. Different species
included in the Dinophysis acuminata-complex and D. caudata, producers of toxins regulated by the EU,
co-occur in northern Perú. The toxic species of Dinophysis from Sechura Bay, Samanco Bay, Salinas,
and Independencia Bay showed low cell-toxin content (pg cell−1) in comparison with those reported
for the same species in other parts of the world, although more studies, including physiological and
genetic factors affecting toxin profiles and content, are needed. Dinophysis acuminata-complex and
D. caudate are most likely the main species concerning molluscan shellfish safety in Perú.

5. Materials and Methods

5.1. Field Sampling

Seawater and shellfish samples for the analyses of potentially toxic phytoplankton and shellfish
toxins were collected weekly in the framework of the National Molluscan Shellfish Safety Programme
(PCMB) of the National Fisheries Health Organization of Perú (SANIPES), which is the national
competent authority for the control of seafood safety. Samples from classified shellfish production
areas were analyzed at the SANIPES official laboratory. During 2017 and the first half of 2018,
seawater and scallops (Argopecten purpuratus “concha de abanico”) samples were collected at the
fixed monitoring stations in Sechura Bay, Samanco Bay, Salinas, and Independencia Bay (Figure 2) for
analyses. The objective was to determine the toxin profiles in the plankton and shellfish at the time
of detection of lipophilic shellfish toxins. Two kinds of water samples were collected at each station
for phytoplankton analyses: (i) vertical net-hauls (10 μm mesh size), with no fixatives added, for the
identification of the species in vivo and for single cell isolations; (ii) depth-integrated hose-samples
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(hose length 15 m), which were immediately fixed with acid Lugol’s solution, for quantitative analyses
by the standard Utermöhl method [22].

 

Figure 2. Location of sampling stations.

5.2. Single Cell Isolations

Cells of Dinophysis caudata and D. acuminata-complex (two different morphotypes D. cf. acuminata
and D. cf. ovum) (Figure 3) were isolated one by one from the plankton net-haul concentrates with
a microcapillary pipette under an inverted microscope Olympus IX71, at 200× magnification. Each
picked cell was transferred three times through drops of sterile seawater and finally placed (with as
little seawater as possible) in a 1.5 mL Eppendorf tube with 500 μL methanol, and kept at −20 ◦C
until analysis.

Figure 3. Dinophysis cells isolated from Samanco Bay, Perú. (Left) Epifluorescence of Dinophysis caudata;
(middle) and (right) DIC micrographs of cells of the Dinophysis acuminata-complex.
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5.3. Standards and Reagents

LC-MS grade methanol (MeOH) and acetonitrile (CH3CN) were used for the extraction and
analyses of toxins by liquid chromatography coupled to mass spectrometry (LC-MS). Analytical-grade
ammonium hydroxide, sodium hydroxide (NaOH), and hydrochloric acid (HCl) were used for
the mobile phase and hydrolysis. Ultrapure water was obtained with a Sartorius (Arium Pro)
purification system. Certified reference solutions for okadaic acid CRM-OA-d (batch #20141119),
dinophysistoxin-2 CRM-DTX2-b (batch #20150819), dinophysistoxin-1 CRM-DTX1-b (batch #20151209),
and pectenotoxin-2 CRM-PTX2-b (batch #20120516) were obtained from NRC-CNRC.

5.4. Toxins Extraction

5.4.1. From Isolated Cells of Dinophysis

To prepare for LC/MS analysis, samples kept frozen in Eppendorf tubes were transferred to a
2-mL microtube, the remains in the Eppendorf tube were washed twice with 200 μL of methanol,
incorporated to the microtube, and mixed in a vortex prior to being dried at 40 ◦C under a flow of
nitrogen gas. The dried toxin extract was re-suspended in 500 μL of methanol, mixed in a vortex, and
filtered through 0.2 μm pore size nylon filters (Sterlitech, 13 mm) as described in [23].

5.4.2. From Shellfish Meat

Whole flesh samples of 12–15 scallops, Argopecten purpuratus, were homogenized and a 2 ± 0.05 g
subsample, weighed on an analytical scale (Precisa, LX 220A), was placed in a 50 mL centrifuge tube
and extracted twice with 9 mL methanol, stirred with a vortex (Thermo, maxi mix II) for 3 min, and
centrifuged at 2000× g (Thermo, Sorvall ST 16R) for 10 min at a temperature of 20 ◦C. The supernatants
were transferred and mixed in a volumetric flask and made up to 20 mL with methanol. To explore the
presence of esterified derivatives of OA and DTXs, an aliquot of the methanolic extract was taken for
alkaline hydrolysis.

The alkaline hydrolysis was carried out by adding 125 μL of 2.5 N NaOH to 1 mL of the methanolic
extract, vortexing the mixture for 0.5 min, heating it for 40 min at 76 ◦C, and finally neutralizing the
added NaOH with an equivalent amount of 2.5 N HCl.

Finally, all extracts (raw and hydrolyzed) were filtered through a 0.2 μm pore size nylon filter
(Chromafil®Xtra, 25 mm) following the recommended protocols from the European Union Reference
Laboratory for Marine Biotoxins [24].

5.5. LC-MS/MS Analyses

For LC-MS/MS analysis of the lipophilic toxins, a Waters Acquity I Class chromatograph coupled
to a triple quadrupole mass spectrometer Waters XEVO-TQS by means of an electrospray interface (ESI)
was used. Analytical separation was performed following a modification of the method developed
by Gerssen et al. [25], with an Acquity UPLC® BEH C18 (1.7 μm, 2.1 × 100 mm) column kept at 40
◦C. A binary gradient elution was used, with phase A consisting of H2O and phase B of 90% CH3CN,
both containing ammonium hydroxide 6.7 mM (approximate pH of 11). The gradient started with
30% B, that proportion was kept for 1 min and then linearly increased to 90% B in 4 min. It was
maintained at that proportion for 1 min, returned to the initial proportion in 0.1 min, and maintained
for equilibration during 1.5 min before the next injection. The flow rate was 0.4 mL min−1 and the
injection volume was 2 μL. The mass spectrometer was operated in both ESI positive and negative
modes, the cone voltage was 3.0 kV, desolvation gas temperature was 500 ◦C with an N2 flow of
1000 L h−1 and a source temperature of 150 ◦C. Voltage parameters of the cone and collision energy
were optimized during the tuning phase by direct infusion in alkaline medium. Product ions used for
the quantification of each toxin in microalgae and shellfish and the MS/MS conditions for the multiple
reaction monitoring (MRM) for each molecule are shown in Table 3.
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Table 3. Multiple reaction monitoring (MRM) and MS/MS of each toxin from the shellfish analysis.

Toxins ESI Mode
Ion Cone

Voltage (V)
Collision Energy (CE)

(eV)
Dwell

(s)Precursor (m/z) Product (m/z)

OA ESI− 803.5
255.1 *

30
50

0.05113.0 60

DTX1 ESI− 817.5
255.1 *

30
50

0.05113.0 60

DTX2 ESI− 803.5
255.1 *

30
50

0.05113.0 60

PTX1 ESI+ 892.5
821.5 *

30
30

0.02213.3 40

PTX2 ESI+ 876.6
823.5 *

30
20

0.20213.1 40

* Transitions used for the phytoplankton analyses. ESI: electrospray ionization.
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Abstract: Here, we present the interannual distribution of Dinophysis acuminata and Protoceratium reticulatum
over a 10-year period in the Reloncaví Fjord, a highly stratified fjord in southern Chile. A realized
subniche approach based on the Within Outlying Mean Index (WitOMI) was used to decompose the
species’ realized niche into realized subniches (found within subsets of environmental conditions).
The interannual distribution of both D. acuminata and P. reticulatum summer blooms was strongly
influenced by climatological regional events, i.e., El Niño Southern Oscillation (ENSO) and the
Southern Annual Mode (SAM). The two species showed distinct niche preferences, with blooms of
D. acuminata occurring under La Niña conditions (cold years) and low river streamflow whereas
P. reticulatum blooms were observed in years of El Niño conditions and positive SAM phase.
The biological constraint exerted on the species was further estimated based on the difference between
the existing fundamental subniche and the realized subniche. The observed patterns suggested that
D. acuminata was subject to strong biological constraint during the studied period, probably as a
result of low cell densities of its putative prey (the mixotrophic ciliate Mesodinium cf. rubrum) usually
observed in the studied area.

Keywords: Dinophysis acuminata; Protoceratium reticulatum; Reloncaví Fjord; OMI analysis; WitOMI
analysis; Mesodinium cf. rubrum; El Niño Southern Oscillation; Southern Annual Mode

Key Contribution: First description of the interannual variability of D. acuminata and P. reticulatum
in the Reloncaví Fjord showed blooms of these species strongly linked to climatological events of
regional scale (i.e., ENSO and SAM): Blooms of D. acuminata were observed in cold years (La Niña
conditions) and low streamflow whereas blooms of P. reticulatum were observed in warm years
(El Niño conditions) and positive SAM phase. D. acuminata suffered strong biological constraint,
presumably due to low concentration of its putative prey M. cf. rubrum.

1. Introduction

Diarrhetic Shellfish Poisoning (DSP) is a gastrointestinal syndrome caused by the consumption of
shellfish contaminated with okadaic acid (OA) and dinophysistoxins (DTXs) produced by certain
dinoflagellates of the genus Dinophysis and, to a lesser extent, by benthic Prorocentrum species [1].
DSP outbreaks caused by Dinophysis spp. have been mainly reported from temperate areas with
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well-developed aquaculture activities, mostly in Europe, Japan, and Chile [2]. Although only OA
and DTXs have been linked to DSP [3], other lipophilic toxins (LSTs) such as pectenotoxins (PTXs)
and yessotoxins (YTXs) are also included in seafood safety regulations because they are toxic to
mice following intraperitoneal injection of lipophilic shellfish extracts, and, in the case of PTXs,
have been shown to promote tumor formation in mammals [4]. PTXs production have been linked
only to Dinophysis species while YTXs are known to be produced by the dinoflagellates Protoceratium
reticulatum, Lingulodinium polyedrum, Gonyaulax spinifera and G. taylorii [4–6]. Azaspiracids (AZAs),
produced by dinoflagellates of the genus Azadinium [7], have diarrheagenic effect on humans and are
included in the European Union (EU) seafood safety regulations [4].

D. acuta and D. acuminata are the most frequent and abundant Dinophysis species in southern
Chile’s fjords (53–41◦ S) [8–13]. DSP have been of special concern in this geographical area since
the 1970s, when intoxications by diarrhetic toxins were first reported following the consumption of
contaminated shellfish extracted from the Reloncaví Sound [14]. DTX-1 and DTX-3 are the predominant
DSP toxins in southern Chile [15–17]. The chronicle occurrence of these toxins in bivalves from
this area during spring–summer is usually associated with D. acuta [18] and less frequently with
D. acuminata [9,19]. DTX-1 has been detected in plankton samples from this region [20,21], although the
causative organism remains to be identified. More recently, DTX-2 has been detected in the plankton
associated with the presence of D. acuta [13]. PTXs presence in southern Chile have been detected in
filter feeders [22], plankton assemblages [13,20], and Diaion® resin passive samplers [23], with the
production of PTX-2 by D. acuminata confirmed in isolates from this area [24]. Finally, YTXs have been
recorded in southern Chile both in bivalves and plankton samples containing P. reticulatum [12,21,25,26],
whereas AZAs have been detected only in bivalves [27].

Despite the evident impact of DSP events in southern Chile, few field studies have focused on
the ecological characterization of Dinophysis spp. in this area [8,10,21,28]. The available evidence from
seasonal surveys points to the importance of persistent saline stratification and increased temperature
to high cell densities of D. acuminata during spring–summer in the inner portion of fjords [28],
where they have been observed forming thin layers associated with the pycnocline [21]. However,
these findings were based on seasonal studies carried out over only 1–2 years without considering
inter-annual environmental variability. On the other hand, information on P. reticulatum is especially
scarce and restricted to an apparent preference of this species by high temperatures due to its occurrence
during summer in southern Chilean fjords [21]. Although YTXs are not linked to DSP intoxications,
moderate levels of these toxins under the EU regulation (1 mg K−1; [5]) have been linked to false
positives in DSP mouse bioassays in southern Chile [21] which can lead to the unnecessary closure of
areas to shellfish extraction. Thus, P. reticulatum distribution should also be determined when assessing
the environmental conditions promoting the development of Dinophysis spp. and the conditions
leading to high DSP toxicity in bivalves in southern Chile.

Here, we present the interannual distribution of Dinophysis spp. and P. reticulatum from May
2006 to February 2017 in a highly stratified estuarine system in southern Chile, the Reloncaví Fjord
(~41.6◦ S). Our main goal was to obtain insight on the environmental conditions accounting for
differences between years where D. acuminata and P. reticulatum blooms were observed and the
ones without blooms of these species. For that, environmental conditions affecting spatio-temporal
distribution of the two species over the 10-year time series were determined following a niche approach
based on the Outlying Mean Index (OMI) [29]. Then, the Within Outlying Mean Index (WitOMI) [30,31]
was used to decompose the species’ realized niche into realized subniches (found within subsets of
environmental conditions) to estimate the impact of biological constraints on D. acuminata and
P. reticulatum populations. Further WitOMI analyses for D. acuminata considering a complementary
dataset (spring–summer 2008/2009) were performed, for which additional data on nutrient data and
density of the ciliate Mesodinium cf. rubrum (the putative Dinophysis prey, [32]) were available.
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2. Results

2.1. Physical and Meteorological Conditions

The 10-year time series (May 2006 to February 2017) was obtained as part of a harmful algae
monitoring program carried out by the Chilean Fishing Promotion Institute (IFOP; “Instituto de
Fomento Pesquero”) at nine sampling stations (Figure 1): three in the Reloncaví Sound near to the
mouth of the fjord (stations 1 to 3), four in the middle (stations 4 to 7) and two at the head (stations
8 to 9) of the fjord. The Reloncaví Fjord was characterized by strong spatio-temporal environmental
heterogeneity regarding water temperature and salinity. Average maximal and minimal subsurface
(depth ~ 1 m) water temperatures were 19 ± 2.2 ◦C and 8.2 ± 2.3 ◦C, respectively, with similar
values observed among the different sampling stations in each season of the year (Figure 2A and
Figure S1A). Maximal subsurface water temperatures were observed in January 2008 (22 ◦C) and
January 2017 (22.6 ◦C) (Southern Hemisphere summer) while the lowest absolute value was observed
in May 2006 (6.2 ± 2.2 ◦C). Subsurface salinity showed extreme oscillations (0.77–32.54 PSU) in all
sampling stations throughout the study period (Figure 2B). Although no consistent seasonal pattern
was observed regarding subsurface salinity values (Figure S1B), a clear spatial gradient was observed
for this variable with lower values (<15 PSU) mostly observed in the inner part of the fjord (sampling
stations 4 to 9).

 

Figure 1. Location of the nine sampling stations in the Reloncaví Fjord. The asterisk indicates the
position of the Puelo River’s inflow in the fjord.

Salinity was strongly stratified in the upper surface layer for the majority of the studied period.
This vertical structure was due to significant differences in salinity between fresher near-surface
waters (<15 PSU) and saltier subsurface marine waters (>30 PSU) (Figure S2). Less pronounced
stratification was rarely observed and only during winter months, when higher salinities were
occasionally observed in the upper layer. The Brunt–Väisälä buoyancy frequency (NBV), a proxy of the
water column stratification [33], oscillated between 0.001 s−1 (homogeneous water column) to 0.15 s−1

(stratification with a sharp pycnocline), although stratification with a more gradual pycnocline was
more frequently observed (NBV ~ 0.025 s−1) (Figure S1C,I). The pycnocline depth oscillated between 2
and 9 m (Figure S1D). Besides temperature, seasonal variability was also related to precipitation with
this variable strongly correlated to streamflow from the Puelo River (R = 0.58; p < 0.05). Higher values
for both variables were mostly observed during winter months, although a second precipitation peak
was observed during spring for some years (Figure 2C and Figure S1E,F). Interannual variability was
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related to oscillation in the El Niño Southern Oscillation (ENSO) (here accessed through the Niño 3.4
index) and the Southern Annual Mode (SAM) (Figure 2D,E and Figure S1G,H).

Figure 2. Spatio-temporal variability of physical conditions of the water column, meteorological
conditions and potentially toxic dinoflagellate species in the Reloncaví Fjord for the 10-year time series.
(A) subsurface water temperature, (B) subsurface salinity, (C) precipitation and streamflow from the
Puelo River, (D) Niño 3.4 index, (E) Marshall Southern Annular Mode index (SAM), (F) cell density of
Dinophysis acuminata and Protoceratium reticulatum.

2.2. Spatio-Temporal Distribution of Dinophysis spp. and P. reticulatum

Five Dinophysis species were identified in the Reloncaví Fjord during the 10-year time series.
D. acuminata was the most frequent species (present in 26% of the samples), followed by D. punctata
(2% of the samples). D. acuta, D. caudata and D. tripos were less frequently observed (<1% of the
samples). Other unidentified species were also observed and jointly quantified as Dinophysis spp.
(present in only 5% of the samples). During the study period, D. acuminata was the only Dinophysis
species with cell densities higher than the considered as bloom level for species of this genus (i.e., cell
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densities > 1000 cells L−1 [34]) Although D. acuminata was observed in all sampling stations, high cell
densities of this species (>1000 cells L−1) were usually present in the inner portion of the fjord during
the spring–summer months (October to March). Blooms of D. acuminata were observed in the years
2008 (11,300 cells L−1), 2011 (2800 cells L−1) and 2014 (4200 cells L−1), mostly during summer months
(Figure 2F and Figure S3A). An exception was observed in the spring of 2008 when a bloom of this
species was observed in the head of the fjord (2500 cells L−1). High cell densities (>1000 cells L−1) were
also occasionally observed for this species during autumn and winter months. Although moderate
densities of P. reticulatum (>1000 cells L−1) were occasionally observed throughout the study, blooms of
this species were observed in 2016 (175,700 cells L−1) and 2017 (62,600 cells L−1), always during the
summer (Figure 2F and Figure S3B).

2.3. Niche Analysis

The Outlying Mean Index (OMI) was used to determine the combination of environmental
variables that maximized average species marginality (i.e., the Euclidean distance between the mean
habitat condition used by the species and the mean habitat condition of the sampling space [29]).
A preliminary analysis using all samples (n = 839; not shown) indicated a strong spatial gradient
due to differences in subsurface salinity observed between stations located in the exterior and the
inner part of the fjord (Figure 2B). To remove the effect due to the spatial variability, only data for
sampling stations 4 to 9 were included in a posterior analysis (n = 564). The OMI analysis considering
only the samples from the inner part of the fjord depicted environmental gradients related to both
seasonal and interannual temporal scales (Figure 3A). Together, the first two OMI axes explained
95% of the total explained variability. The OMI axis 1 accounted for the seasonal variability with the
spring–summer period positively related to subsurface water temperature and negatively related to
both precipitation and streamflow from the Puelo River, whereas the OMI axis 2 accounted for the
interannual variability related mainly to the SAM and Niño 3.4 indexes as well as subsurface salinity.
The envfit test [35] pointed out temperature, streamflow, SAM index as the variables accounting for
most of total explained variability (R2 = 0.88, 0.55 and 0.33, respectively; p < 0.01).

The OMI (i.e., species marginality) depends on the deviation from a theoretical ubiquitous,
uniformly distributed species that would occur under all available habitat conditions (i.e., observed in
all samples) (OMI = 0) and is inversely related to the tolerance index (an estimate of niche breath) [29].
Species with low OMI occur in typical (or common) habitats of the sampling region. They usually show
high tolerance and are associated with a wide range of environmental conditions (i.e., generalists).
On the contrary, species with high OMI occur in atypical habitats and are expected to have low tolerance
associated with a distribution across a limited range of environmental conditions (i.e., specialists).
From the six species included in the analysis, D. acuminata, D. caudata, D. tripos, and P. reticulatum
showed significant OMIs (p < 0.05). The most uniformly distributed species was D. acuminata
(OMI = 0.6) (used typical habitat), whereas D. caudata was the most specialized species followed
by D. tripos and P. reticulatum (OMI = 18.80, 5.84 and 5.75, respectively) (using more atypical habitat)
(Table S1).

In the OMI multivariate space, the polygon formed by all samples corresponded to the “realized
environmental space” whereas the polygon formed only by the samples where a given species is
present correspond do the “realized niche” of the species [36]. Both D. acuminata and P. reticulatum
occupied large portions of the realized environmental space (Figure 3A,B), with the later showing
a comparatively narrower realized niche (tolerance = 3.26 and 1.07, respectively). D. acuminata
and P. reticulatum showed high residual tolerance when compared to the other species (8.77 and
8.38, respectively) and for both species this niche parameter accounted for more than 50% of their
variability (which indicates that most variability in the niche of the two species was not explained by
the environmental variables included in the analysis).
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Figure 3. (A) Outlying Mean Index (OMI) analysis of the five Dinophysis species and P. reticulatum for
the entire sampling period in the inner portion of the fjord (sampling stations 4 to 9). Blue vectors show
relationship with the physical and meteorological variables. Samples from the spring–summer and
autumn–winter periods are depicted in orange and grey, respectively. The dashed line delimitates the
realized environmental space (i.e., sampling domain) whereas the yellow and grey polygons represent
the realized niches of D. acuminata and P. reticulatum, respectively. The black dots represent the mean
habitat condition used by the different species (i.e., species’ niche positions). Dacum = D. acuminata,
Dacut = D. acuta, Dcau = D. caudata, Dpun = D. puncata, Dtrip = D. tripos, Pret = P. reticulatum;
Flow = Puelo River’s Streamflow, Niño 3.4 = Niño 3.4 index, NBV = Brunt–Väisälä buoyancy frequency,
Pyc = depth of the pycnocline, Prec = precipitation, Sal = subsurface salinity, Temp = subsurface water
temperature, SAM = Marshall Southern Annular Mode index. (B) Distribution of cell densities of
D. acuminata and P. reticulatum in the OMI multivariate space. (C–H) Kernel density estimation (KDE)
plots showing the frequency of occurrence (presence/absence) of D. acuminata and P. reticulatum
related to different environmental variables. (I,J) Conditional inference trees showing main variables
associated with blooms of D. acuminata (I) and P. reticulatum (J).
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Kernel density estimation (KDE) plots obtained separately for each variable (Figure 3C–H)
revealed some patterns regarding the presence/absence of these two species and environmental
conditions. Based on that, D. acuminata were more frequently observed in conditions with salinities
lower than 15 PSU, whereas P. reticulatum showed preference for temperatures between 16 and 18 ◦C
and salinity between 10 and 15 PSU. Both species were related to Puelo River’s streamflow lower than
1000 m3 s−1, negative to slightly positive values of the Niño 3.4 index, slightly positive values of the
SAM index and NBV values of ~0.025 s−1 (which was indicative of stratified conditions with a gradual
pycnocline). Conditional inference trees indicated streamflow lower than 500 m3 s−1 associated
with negative values of the Niño 3.4 index (<−0.4) as the conditions leading to D. acuminata blooms
(Figure 3I). On the other hand, blooms of P. reticulatum occurred under temperatures higher than 18 ◦C
and values of the Niño 3.4 index higher than −0.7 (Figure 3J).

2.4. Subniche Analysis

The Within Outlying Mean Index (WitOMI) [30] was used to decompose the ecological niche of
the different species into subniches (i.e., subset of habitat conditions used by a species) taking into
account interannual subsets of samples. This analysis is a refinement of the OMI analysis and
provides estimations of niche shifts under different subsets of habitat conditions [31]. Considering that
temperature was the main factor determining the distribution of the species in the OMI analysis when
taking into account all samples and that dinoflagellate blooms were observed mostly during summer
months, we decide to perform the subniche analysis considering only the samples for this season of the
year (n = 167) to remove the effect of seasonal variability. As we aimed to detect the main conditions
leading to the formation of blooms, only moderate to high cell densities for these two species were
considered (≥1000 and ≥10,000 cells L−1 for D. acuminata and P. reticulatum, respectively).

2.4.1. Subsets

Summer samples from a given year were classified according to the occurrence/absence of
blooms of different dinoflagellate species in the Reloncaví Fjord. Although the dinoflagellate
Prorocentrum micans was not considered in this study, a massive bloom of this species was observed in
March 2009 [37]. Thus, summer samples of this year were considered as a separate subset. According to
this criterion, four subsets were recognized: (1) summer samples of years with D. acuminata blooms
(2008, 2011, and 2014), (2) summer samples of year 2009 for which the massive P. micans bloom was
observed, (3) summer samples of years where P. reticulatum blooms were observed (2015, 2016 and
2017), and (4) summer samples of years where no dinoflagellate bloom was observed.

The first two axes of the OMI analysis considering only samples from the summer period explained
89% of the total variability (Figure 4A). The OMI axis 1 accounted for the environmental temporal
variability within the summer period and it was positively related to subsurface water temperature,
subsurface salinity and SAM index and negatively related to precipitation and NBV. The OMI axis
2 accounted for the interannual variability and was positively related to the Niño 3.4 index and
streamflow. The envfit test indicated the Niño 3.4 index, streamflow and the SAM index as the main
variables accounting for the total explained variability (R2 = 0.62, 0.43 and 0.36, respectively; p < 0.01).

The four recognized subsets were distributed along the OMI axis 2 (Figure 4A). The function
subkrandtest (implemented in the package ‘subniche’ in R) indicated that the main differences among the
four subsets were given by the Niño 3.4 index, Puelo River’s streamflow, depth of the pycnocline and
subsurface salinity whereas no significant differences were observed regarding subsurface temperature,
NBV and the SAM index (Figure 4B–G; p > 0.001). Subset 1 (summers from years where D. acuminata
blooms were observed) was characterized by low streamflow and negative values of the Niño 3.4 index.
These conditions were also observed for subset 2 (summer months from the year where the massive
bloom of P. micans was observed; [37]). Subset 3 (summer samples from years where P. reticulatum
blooms were observed) was characterized by high Puelo River’s streamflow, positive values of the
Niño 3.4 index associated with slightly higher subsurface salinities and more superficial pycnocline
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when compared to the other subsets. Subset 4 (summers of years with no dinoflagellate blooms) was
characterized by lower salinity and neutral values of the Niño 3.4 index. Although no significant
difference was observed for the SAM index, this index showed a broader range in subsets 3 and 4,
when compared to subsets 1 and 2.

Figure 4. (A) Distribution of the four subsets in the OMI multivariate space considering only
the summer period in the inner portion of the Reloncaví Fjord (sampling stations 4 to 9) and
their relationship with environmental variables (blue vectors; see Figure 3 for meaning of labels).
(B–I) Boxplots showing differences in the four subsets regarding subsurface water temperature (B),
subsurface salinity (C), NBV (Brunt–Väisälä buoyancy frequency) (D), pycnocline depth (E), Niño 3.4
index (F), SAM index (G), Puelo River’s streamflow (H) and precipitation (I). Horizontal lines indicate
the median for the different variables.

A clear separation between D. acuminata and P. reticulatum was shown by plotting their cell
densities in the OMI multivariate ordination space of the summer period (Figure 5). As expected,
the two species were related to the same conditions previously described as typical for the subsets
where their blooms were observed (subsets 1 and 3, respectively) (Figure 5A,G). Additional conditional
inference tree analysis, taking into account only the samples from the summer period, indicated that
blooms of D. acuminata were mainly related to low streamflow whereas blooms of P. reticulatum were
related to positive values of the Niño 3.4 and SAM indexes (not shown).

2.4.2. Subniches

The WitOMI analysis allowed the calculation of two additional marginalities: the WitOMIG
(i.e., Euclidean distance between the mean habitat condition used by the species in the subset and the
mean habitat condition of the sampling domain) and the WitOMIGk (i.e., Euclidean distance between
the mean habitat condition used by the species in the subset and the mean habitat condition of the
subset). In ecological terms, the WitOMIG allows the detection of shifts in the mean habitat conditions
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used by the species in each subniche whereas the WitOMIGk represents the marginality of the species
within the subset (i.e., if the species uses typical or atypical habitat in the subset) [30].

Figure 5. (A–F) Dinophysis acuminata and (G–L) Protoceratium reticulatum subniches’ dynamics
considering only the summer period in the inner portion of the Reloncaví Fjord (sampling stations
4 to 9) and their relationship with the physical and meteorological variables (blue vectors; see Figure 3
for meaning of labels). Main variables associated with bloom conditions for both species (detected
by conditional inference tree analyses) are indicated with asterisks. The blue dots represent the mean
habitat condition used by the species in the entire sampling domain (i.e., species’ niche position)
whereas the black labels represent the mean habitat condition used by the species in the subset (i.e.,
species’ subniche position). The black and red vectors represent species marginalities (i.e., WitOMIG
and WitOMIGk, respectively). The red dots represent the mean habitat condition in each subset (Gk).
The light blue polygon represents the realized environmental space (i.e., sampling domain). For each
species, the existing fundamental subniches (polygons delimited by yellow lines) are given by the
overlap between the subsets (dark blue polygons) and the species’ realized niche (polygon delimited
by dashed orange line). The difference between the existing fundamental subniche and the species
subniche (light green polygons) is the “subset biotic reducing factor” (green area highlighted by
diagonal lines), which correspond to the biological constraint exerted on the species that can be caused
either by negative biological interactions or species dispersal limitations.

Based on this approach, we detected significant shifts in the subniche position of D. acuminata and
P. reticulatum in the different subsets (Figure 5B,H). Although D. acuminata was distributed over the
entire summer period, its used habitat was more marginal in the subsets 2, 3 and 4 (WitOMIG = 13.54,
6.40 and 10.54, respectively) than in subset 1 (WitOMIG = 1.74) (Table S2). This suggest that D. acuminata
had a preference for the environmental habitat conditions in the subset 1. Furthermore, this species was
significantly less marginal in subset 1 (WitOMIGk = 0.16; Figure 5C) when compared to subsets 2, 3 and
4 (WitOMIGk = 1.66, 2.66 and 5.56, respectively; Figure 5D–F). On the other hand, P. reticulatum used
more common habitat in subset 1 and 3 (WitOMIG = 3.14 and 3.12, respectively) when compared to
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subsets 2 and 4 (WitOMIG = 12.34 and 5.44, respectively) (Table S2). Although, P. reticulatum showed
similar marginality in the first two subsets, its realized subniche was comparatively broader in subset 3
than in subset 1 (tolerance = 1.08 and 0.24, respectively).

In the OMI multivariate space, the overlap between the polygon formed by samples of a subset
and the polygon formed by the realized niche of a given species generates a third polygon that
constitutes the “fundamental subniche” of this species. The area delimited by the difference between
the fundamental subniche and the realized subniche correspond to the “subset biotic reducing factor”,
i.e., biological constraint (SB) exerted on the species subniche that can be caused either by negative
biological interactions or species dispersal limitations [30]. Both D. acuminata and P. reticulatum
occupied a large position of their fundamental subniches in the subsets where their blooms were
observed (subset 1 and 3, respectively) (Figure 5C,L).

Figure 6. (A) OMI analysis for the summer–spring period 2008/2009 in the sampling station 8. The blue
vectors show relationship with the physical and meteorological variables (see Figure 3 for meaning of
labels). The black dashed line delimitates the realized environmental space (i.e., sampling domain)
whereas the yellow and pink polygons represent the realize niches of D. acuminata and M. cf.
rubrum, respectively. The black dots represent the mean habitat condition used by the different
species (i.e., species’ niche positions). Dacum = D. acuminata, Dpun = D. puncata, Dtrip = D. tripos,
Dsp = Dinophysis sp., Meso = Mesodinium cf. rubrum, Pret = P. reticulatum. (B) Distribution of cell
densities of D. acuminata and M. cf. rubrum in the OMI multivariate space. Blue polygons represent
the two subsets. (C, E) D. acuminata and (D, F) M. cf. rubrum subniches’ dynamics (see Figure 5 for
meaning of dots, arrows and polygons).
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To further assess the relative importance of biotic interactions on the subniche dynamics of
D. acuminata, we performed an additional WitOMI analysis using a complementary dataset (previously
published by Alves-de-Souza et al. [21]) that includes information on nutrient concentrations and
the ciliate M. cf. rubrum. This sub-dataset was based on samples obtained every 2–3 weeks between
October 2008 and March 2009 (spring–summer) from sampling station 8 (See Alves-de-Souza et al. [21]
for a description of the environmental conditions during this period). The first two axes of the OMI
analysis for this sub-dataset explained 94% of the variability. D. acuminata occupied common habitat
(OMI = 0.35, tolerance = 1.69) when compared to M. cf. rubrum that was more marginal and showed a
narrower realized niche (OMI = 0.52, tolerance = 0.45) (Figure 6A). Two subsets were stablished by
k-mean cluster analysis of the OMI sample scores (see Methods). The OMI axis, positively related to
the subset 2 (where D. acuminata bloom occurred), was mostly explained by NO3

− and Secchi disk
(proxy of water transparency), whereas the OMI axis 2 was related to the subset 1 (higher M. cf.
rubrum cell densities) and explained mainly by temperature and PO4

3− (Figure 6A,B). Although PO4
3−

was the variable that accounted for most of the explained variability (envfit; R2 = 0.84), the species
distribution along the OMI axis 1 seems to have been more related to Secchi disk, temperature and
NO3

− (R2 = 0.79, 0.77, 0.50, respectively). Both D. acuminata and M. cf. rubrum. showed shifts in the
subniche position and marginality (Figure 6C,D), with a stronger biotic constraint on D. acuminata
in the realized subniche of the subset 1 (in samples where M. cf. rubrum was absent) (Figure 6E).
Similarly, a strong biotic constraint on M. cf. rubrum was observed in the subset 2, concomitantly with
D. acuminata blooms (Figure 6F).

3. Discussion

3.1. Seasonal and Interannual Variability

D. acuminata and P. reticulatum are widespread HAB species observed in temperate areas
worldwide [34,38]. High densities of these two species have been previously reported during summer
months in southern Chilean fjords [9,21,28,39]. Although they are frequently observed in low densities
(<100 cells L−1) [11,40,41], their blooms have being mostly regarded as episodic events of erratic
occurrence. Here, we present for the first time evidence indicating that, far from having a random
occurrence, blooms of both D. acuminata and P. reticulatum in the Reloncaví Fjord (and probably other
fjord systems in southern Chile) are seasonal periodic events related to climatic and hydrological
events of regional scale (i.e., ENSO, SAM). Moreover, our results showed that both species have
different niche preferences that explain their seasonal and interannual distribution.

Results from the niche analysis considering the entire sampling period indicated that temperature
and streamflow from the Puelo River were the main environmental factors associated with the
seasonal variability in the Reloncaví Fjord (envfit; R2 = 0.88 and 0.55, respectively) (Figure 3A).
The reduced freshwater streamflow values during summer months were in agreement with the
historical trend reported for this fjord, characterized by a streamflow bimodal regime with two main
peaks in winter and spring related to precipitation and snowmelt, respectively [42,43]. Although
blooms of both D. acuminata and P. reticulatum were associated with low streamflow (Figure 3D),
the restricted occurrence of P. reticulatum during summer months seemed to be primarily determined
by a preference of this species for surface water temperatures between 16 ◦C and 18 ◦C (Figure 3C),
as previously reported for this species in culture experiments [44,45]. However, despite the fact that
optimal temperatures were observed every summer, blooms of the species were only observed in years
with values of the Niño 3.4 index higher than −0.4 (Figure 3J). D. acuminata presence was associated
with a wide range of temperatures (Figure 3C) as usually observed for this species in other parts of
the world [34]. These results were in disagreement with those previously reported for the Pitipalena
Fjord (38◦47′ S; 72◦56′ W), where high temperature was suggested as a triggering factor for blooms of
this species [28]. Instead, reduced streamflow from the Puelo River was found to be the main variable
explaining high cell densities of D. acuminata in the Reloncaví Fjord during summer months, although
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blooms of this species were only observed in years with values of the Niño 3.4 index lower than −0.72
(Figure 3I).

The conditional inference trees suggest a hierarchical relevance of variables acting at different
temporal scales in the formation of D. acuminata and P. reticulatum blooms. For both species, the first
nodes of the trees were related to environmental conditions that were more relevant at the seasonal
scale (i.e., low streamflow for D. acuminata and high temperature for P. reticulatum), whereas the second
node depicted the main variable acting at the interannual scale (Niño 3.4 for both species) (Figure 3I,J).
Shifts in the relative importance of environmental conditions according to the considered temporal
scale have been previously reported for other microbial communities [46–48], with the interplay
between factors acting at both seasonal and interannual scales determining the time-window of species
occurrence [49]. In the specific case of the Reloncaví Fjord, our results indicate that although the time
window for occurrence of D. acuminata and P. reticulatum are determined by variables acting at the
seasonal scale, the formation of their blooms are ultimately defined by hydrological and climatological
conditions acting at an interannual scale.

3.2. Summer Subsets

The niche and subniche analyses considering only the summer dataset allowed us to obtain
a better understanding of the factors behind the interannual variability in blooms of D. acuminata
and P. reticulatum during the 10-year time series (Figures 4 and 5). These analyses indicated that the
interannual distribution of the two species was also related to the SAM index in addition to the effect of
streamflow and Niño 3.4 index (envfit; R2 = 0.36, 0.62 and 0.43, respectively; p < 0.01). Although
reduced Puelo River’s streamflow is generally observed in summer months, when compared to winter
and spring [42,43], summers with D. acuminata blooms (subset 1) were characterized by even lower
values of streamflow than the typically observed for this season of the year (Figures 4H and 5A) in
association with the most negative values of the Niño 3.4 index (la Niña conditions) for the studied
period (Figure 3F) (subkrandtest; p < 0.001 for both streamflow and Niño 3.4 indexes). On the other
hand, summers with P. reticulatum blooms (subset 3) were characterized by positive values of the Niño
3.4 index (El Niño conditions) (subkrandtest; p < 0.001). This subset was further differentiated by higher
variability in the SAM index, with a median value that was slightly more positive than the observed
median values for the other subsets (Figure 4G). Although these differences were not significant
(subkrandtest; p = 0.128), higher P. reticulatum cell densities were positively related to the SAM index
(Figure 5G). This was further confirmed by a conditional inference tree considering only the summer
dataset, which indicated positive values for both Niño 3.4 and SAM indexes as the main conditions
associated with blooms of this species. These conditions were associated with higher salinities and
shallower pycnoclines in the subset 3 (Figure 4C,E) (subkrandtest; p = 0.128).

ENSO is a coupled ocean-atmosphere phenomenon over the equatorial Pacific, characterized
by irregular fluctuations between warm (El Niño) and cold (La Niña) conditions in the sea surface
temperature, whereas SAM is an atmospheric mode of circulation that appears to modulate the air
temperature over the southern tip of South America caused by pressure anomalies between the
Antarctic and the 40–50◦ S circumpolar band [50]. The El Niño conditions are related to increase in the
sea surface pressure (SLP) and weakening of westerlies in the southern extreme of the continent that
may result in lower precipitation in western Patagonia when compared to average conditions [51]. At
the same time, positive SAM levels lead to the intensification of the westerlies around the Antarctic
periphery and weakening around 40◦ S, causing lower precipitation and increased air temperature
over western Patagonia [43,52].

The relevance of the ENSO/SAM interplay for the occurrence of harmful algal blooms (HABs)
in southern Chilean fjords has been demonstrate in a previous study, where it explained the
formation of the most impressive HAB observed to date in southern Chile caused by the phytoflagellate
Pseudochatonella verruculosa (Dictyochophyceae) in February–March 2016 [43]. As this bloom was
observed just after the P. reticulatum bloom in January 2016 (the denser bloom of this species in
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the entire 10-year time series), both events were likely affected in a similar way by the existing
climatological conditions. At this opportunity, Leon-Muñoz et al. [43] proposed that the combination
between the strong El Niño event and the positive phase of SAM led to very dry conditions (both in
terms of low precipitation and reduced freshwater input) associated with high radiation and reduced
westerly wind, which in turn resulted in weakening of vertical stratification and the consequent
advection of more saline and nutrient rich waters that ultimately determined the formation of the
P. verruculosa bloom. Our data does not entirely support this hypothesis as (1) no significant difference
among the different summer subsets was detected regarding either precipitation or the Brunt–Väisälä
frequency (proxy of vertical stratification) and (2) the Puelo River’s streamflow levels for subset 3
(that includes the summer 2016) were actually higher when compared to the other summer subsets
(subkrandtest; p > 0.001). This discrepancy could be explained by the differential treatment of the
data as well as the considered time-window in both studies: while Leon-Muñoz et al. [43] detected a
decreasing trend for both precipitation and river streamflow based on accumulated annual values of
these variables in the last five decades, we based our conclusions on the comparison of monthly values
only in the last decade. Similarly, analyses reinforcing our conclusions were based on hundreds of
CTD profiles collected during throughout the study period. Although it is clear that a trend does exist
regarding the decrease in precipitation and Puelo River’s streamflow in the Reloncaví Fjord [42,43],
our results indicate that it was not the factor explaining the P. verruculosa and P. reticulatum blooms
during the summer 2016. Instead, blooms of both species were explained by an increase in salinity
(as suggested by Leon-Muñoz et al. [43]) likely caused by the shallowing of the pycnocline that
facilitated the advection of more saline and (supposedly) nutrient rich water to the surface.

Of special notice was the occurrence of the massive bloom of the dinoflagellate P. micans in the
summer 2009 (~105 cells L−1; [37]), despite the fact that environmental and climatological conditions
(low Puelo River’s streamflow and La Niña conditions) seemed to be favorable for D. acuminata
blooms. This was interesting, as both species seem to have an overlap on their realized subniches. The
reason for this discrepancy could be potentially related to variables that were not considered in the
present study (e.g., dissolved inorganic nutrient concentrations). While both species are mixotrophic,
they show very distinctive nutritional strategies: P. micans seems to be mostly facultative mixotroph,
whereas D. acuminata relies on both photosynthesis and feeding on the ciliate M. cf. rubrum [34]. While
D. acuminata shows high affinity by regenerate nitrogen sources (i.e., ammonia and urea) [53,54],
a positive relationship between blooms of M. cf. rubrum and nitrate concentrations have been
observed [55]. Available nutrient information for the head of the Reloncaví Fjord indicated that
both nitrate and silicic acid concentrations were significantly lower in summer 2009 when compared to
summer 2008 [21], which could have potentially favored the P. micans bloom formation.

The reduced river streamflow in the subsets 1 and 2 associated with negative values of Niño 3.4
index is intriguing, since higher precipitations could be expected during La Niña conditions [50].
The absence of significant differences in precipitation among the subsets could be explained by
the lack of a clear signal in El Niño/La Niña conditions in the southern extreme of South America
regarding precipitation [50]. While precipitation and streamflow were correlated (R = 0.58; p > 0.01) [42],
no significant differences among the four subsets were detected regarding the former variable.
This suggests that river streamflow levels during the study period depended mostly on snowmelt that
could be expected to be less important in colder years (La Niña conditions). Another interesting aspect
is the counter intuitive lack of correlation between streamflow levels and the depth of the pycnocline,
with subsets 1 and 3 (with lower streamflow) showing deeper pycnoclines when compared to subset 3
(with higher streamflow). The explanation for this remains elusive, but could be related to microscale
oceanographic aspects, such as internal waves or seiches [56].
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3.3. Subniches and Reducing Biotic Factors

Several aspects revealed by the subniche analysis (Figure 5) further confirmed the preference of
D. acuminata and P. reticulatum for the environmental conditions observed in the subsets where their
blooms occurred (subsets 1 and 3, respectively). First, the broader realized subniches of the two species
in their respective subsets (indicated by larger tolerances in Table S2) indicated a better efficiency
in using the available resources [30]. This is also evidenced by a larger occupied portion of their
fundamental subniches in these subsets (i.e., fundamental and realized niches have similar areas)
(Figure 5C,L). The unfavorable conditions for D. acuminata and P. reticulatum in the years without
dinoflagellate blooms (subset 4) are reflected in larger values of WitOMIG for both species in this
subset (indicated by the length of the red arrows in Figure 5F,M).

One of the advantages of the WitOMI analysis is that it allows the estimation of the biological
constraints (SB) exerted on the species, which is proportional to the space unoccupied by the species in
its fundamental subniche (indicated by the green area highlighted by diagonal lines in Figure 5) [30].
This absence is interpreted as caused by biological constraint and can be due either to negative biotic
interactions (e.g., parasitism, predation) or dispersal limitation of the species itself [57]. Interestingly,
both D. acuminata and P. reticulatum showed a smaller unoccupied portion of their fundamental niches
(attributed to biological constraint) in the subsets where their blooms were observed (Figure 6C,L,
respectively). In the case of D. acuminata, the magnitude of biological constraint was even more
impressive in the subset 4 (years without dinoflagellate blooms) (Figure 5F).

Although these results need to be interpreted with caution, the observed pattern shown in
Figure 5C–F suggest that D. acuminata occurrence in the Reloncaví Fjord during the studied period
was mostly modulated by biological constraints. Among the biotic factors affecting Dinophysis spp.
dynamics, the availability of its prey (the ciliate M. cf. rubrum) is by far the most relevant [58]. Species of
this genus are obligate mixotrophs that require both feeding on M. cf. rubrum and light for sustained
growth [32,58–60]. In addition, M. cf. rubrum also depends on the ingestion of live prey to sustain
growth (i.e., cryptophytes of the genera Teleaulax and Geminigera) [61]. In field populations, Dinophysis
species may be under prey limitation for long periods, with maximal cell densities being preceded
or co-occurring with high densities of M. cf. rubrum ciliates, resulting in predator–prey encounters
and interactions [62–64], suggesting that the presence of the Dinophysis-Mesodinium-cryptophytes food
chain may be used as a good indicator of upcoming Dinophysis spp. blooms [64].

D. acuminata blooms in co-occurrence with M. cf. rubrum was previously reported in the Reloncaví
Fjord in a study using a sampling frequency of 2–3 weeks [21]. In this study, we revisited this dataset
using the WitOMI approach to estimate the degree of biological constraint on both species during
their period of co-occurrence. As the SB estimation is based on the absence of the species in sampling
units where it should be present (as they are encompassed into the species fundamental niche),
this approach can be extremely useful to obtain insights on biotic interactions involving time-lags
(such as predator–prey interactions) even when short-frequency data are not available. Indeed, the clear
mismatch between maximal cell densities of D. acuminata and M. cf. rubrum (Figure 6B) was congruent
with the time-lagged correlation observed in other studies [62–64], whereas the strongest biological
constraint on D. acuminata was observed in periods where M. cf. rubrum was absent (Figure 6E).
Similarly, a strong biotic constraint on the ciliate was observed concomitantly to highest D. acuminata
cell densities (Figure 6F).

3.4. Additional Aspects Affecting D. acuminata

Although D. acuminata is observed under a broad range of environmental conditions, blooms of
this species are consistently associated with increased stratification [65]. Similarly, physical driving
forces (e.g., wind and/or currents) causing accumulation/dispersion of D. acuminata cells have been
pointed out as an important factor [66–69]. DSP events in bays used for shellfish production are
frequently observed after the transport of D. acuminata cells from the near continental shelf [70–72],
where they are frequently found in dense populations (>104 cells L−1) occurring in thin layers [73,74].
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Formation of D. acuminata blooms within coastal areas is better understood in upwelling influenced
systems, more specifically the Galician rías [34]. In these systems, D. acuminata blooms are mostly
initiated after the advection of cells from offshore (“pelagic seed banks”) with upwelled waters [62],
although blooms can also be originated from persistence of autochthonous winter populations [75].
In both cases, accumulation of cells in the pycnocline and encounter with the mixotrophic ciliate M. cf.
rubrum lead to cell proliferation [62,63].

By comparison, little is known about the environmental conditions leading to the development of
D. acuminata blooms in fjords. The information from Swedish fjords points out to the formation of
D. acuminata thin layers associated with strong stratification caused by freshwater input from land
run-off, e.g., [76,77], whereas the interannual variability of this species seems to be related to climatic
events of regional scale (i.e., the North Atlantic Oscillation; NAO) [78] favoring the entrainment
and advection of cells from offshore [79]. Although we also established a link between the climate
conditions and D. acuminata interannual variability, it is not clear how the reduction in river streamflow
during La Niña conditions ultimately leads to high D. acuminata cell densities. Similarly to the
observed blooms from their Swedish counterparts, blooms of D. acuminata in southern Chile fjords are
more frequently reported from permanent salinity-driven stratified systems [39,40], where they show
heterogeneous vertical distribution associated with the pycnocline [21,28]. Results from an intertidal
experiment in the Patipalena Fjord [28] indicate that the vertical distribution of D. acuminata cells is
affected by the vertical movement of the pycnocline caused by shear instabilities. Thus, a possibility to
be explored is if changes in the streamflow levels affect the microscale circulation features patterns in
southern Chilean fjords that could favor the accumulation of cells in the pycnocline.

Another important aspect to be clarified is the origin of the D. acuminata populations occurring
inside the Reloncaví Fjord. The spatial patterns observed during the 10-year time series (Figure 1F)
indicate that the highest cell densities of D. acuminata are first observed in areas close to the head of
the fjords and posteriorly in the middle portion. Although this suggest that blooms originated in
the interior of the fjord and posteriorly transported to the external locations through the surface
outflow [80], it is not clear if they are originated from persistent winter populations or advected cells
that could enter the fjord through the inflow layer. High D. acuminata cell densities correspondent to
what is widely considered as bloom level for this species (>1000 cells L−1) are occasionally observed
during winter conditions (likely remnants from summer blooms). As Dinophysis species can survive
without prey for months [32,81], these winter cells could constitute suitable inoculum for the next
spring–summer populations [34]. Finally, the viability of putative D. acuminata overwintering cells
(i.e., cells with reddish pigmentation observed at the end of growth season) observed in bottom layers
of Reloncaví Fjord [34] should be determined.

The final major question to be answered is if the interannual variability observed in this study
was due to factors affecting D. acuminata per se or the effect of the environmental conditions on its
putative prey. While blooms of M. cf. rubrum ciliates are a common occurrence in the upwelling
areas off Central-Northern Chile [82], the limited quantitative information on the occurrence of
M. cf. rubrum ciliates in southern Chilean fjords and adjacent seas indicates that they are present
in low cell densities throughout the year with maximal cell concentrations (and episodic blooms)
observed during summer–spring months [21,82,83]. This suggests that the environmental conditions
for their development are not usually suitable for mass proliferation within the zone of fjords and
channels further south. Of note is the fact that the denser blooms of M. cf. rubrum ciliates in southern
Chile were reported under La Niña conditions, in the years 1975 [84] and 1978 [85] for the Straits of
Magellan (54◦01′ S; 71◦46′ W) and Aysén Fjord (45◦22′ S; 73◦04′ W), respectively. Thus, one hypothesis
to be assessed is if oceanographic conditions during La Niña would facilitate the advection and
development of offshore populations in the zone of fjords and channels which would posteriorly result
in Dinophysis blooms.
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3.5. Concluding Remarks

The interannual variability in D. acuminata and P. reticulatum in the Reloncaví Fjord was strongly
linked to climatological events of regional scale (i.e., ENSO and SAM), with cold years (La Niña
condition) associated with low Puelo River’s streamflow being more favorable to the development of.
D. acuminata blooms, whereas strong El Niño events coupled to the positive phase of the SAM index
lead to P. reticulatum blooms. These outcomes become more relevant as anthropogenic climate changes
has been reported to cause a tendency in SAM toward its positive phase [52], which could change the
current scenario characterizing dinoflagellate blooms in southern Chilean fjords.

4. Materials and Methods

4.1. Study Area and Datasets

The Reloncaví Fjord (~41.6◦ S), located in the uppermost region of the Chilean fjord zone,
is the site of one of the largest mytilid Chilean production areas (Figure 1). The fjord is 60-km
long, has a surface of 170 km2, a maximum depth of 460 m and constitutes a representative model
for other fjords in the region. The fjord has an annual average streamflow of 650 m3 s−1 and a
pluvio-nival regime. Its circulation is mostly regulated by freshwater input from the Puelo River,
which drains a trans-Andean watershed and empties into the middle of Reloncaví Fjord and reaches its
maximum streamflow in winter (rainfall) and spring (snowmelt) [43]. Streamflow of the Puelo River
is significantly correlated with the streamflow of other rivers that drain into the middle and head of
the Reloncaví Fjord as well as with the other main tributary rivers of the coastal systems in western
Patagonia [86].

Phytoplankton samples were collected from integrated hose-samplers (0–10 m) and immediately
fixed with 1% Lugol’s solution. Potentially toxic algae were quantified using an inverted microscope
(Olympus CKX41) using sedimentation chambers (20 mL) at 400×, according to Utermöhl [87]. Water
temperature (◦C), salinity (PSU) and density (σt) profiles were obtained using a Seabird 19 CTD.
The Brunt–Väisälä buoyancy frequency (NBV, s−1) was estimated based on changes of water density
over depth [33]. The NBV was estimated for every 1-m interval and the largest value was used as
representative of the water column stratification. Monthly accumulated values for streamflow and
precipitation data for the hydrological stations Carrera Basilio (41◦36′16” S, 72◦12′23” W) and Puelo
(41◦39′4” S, 72◦18′42” W) were obtained from the Climate Explorer [88]. Monthly values for the Niño
3.4 index and the Marshall Southern Annular Mode (SAM) index were obtained from the U.S. National
Oceanic and Atmospheric Administration (NOAA) [89]. As the IFOP data series misses information on
nutrient concentrations, a complementary analysis was performed using an additional dataset obtained
from samples collected every 2–3 weeks from October 2008 and March 2009 from sampling station 8
(published by Alves-de-Souza et al. [21]). CTD (Sea Bird 19-plus) casts were used to obtain real time
vertical profiles of salinity, temperature and fluorescence. Guided by the profile reading, five depths
were selected: subsurface (1), above (2) and below (3) the pycnocline, the fluorescence maximum (4)
and 16 m (5). Besides the variables above mentioned, this dataset includes concentration of NO3

−,
PO4

3− and Si(OH)4, water transparency (Secchi disc), as well as the cell densities of the ciliate M.
cf. rubrum. For a detailed description on the sample collection and analyses regarding this dataset,
see Alves-de-Souza et al. [21].

4.2. Statistical Analysis

Before the analysis, the 10-year dataset (n = 1170) was inspected in order to exclude the sampling
dates for which abiotic measurements were not available. Cell densities were previously transformed
[ln(x+1)] to reduce the effect of dominant species whereas environmental variables were standardized
to values between 0 and 1, based on the minimum and maximum values of each variable [48]. All the
statistical analyses described as follows were performed in R software (R Core Team, 2013) using
packages freely available on the CRAN repository [90].
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4.2.1. Niche Analysis

Data were arranged in one matrix containing the algal cell densities (Dinophysis species and
P. reticulatum) and a second matrix containing the environmental variables (i.e., subsurface water
temperature, subsurface salinity, Brunt–Väisälä frequency, Niño 3.4 index and SAM index). The OMI
analysis [29] was performed using the function niche in the ‘ade4’ package [91]. The reasoning
behind the OMI analysis was described in detail by Dolédec et al. [29]. Briefly, a PCA was first
performed using the environmental matrix to determine the position of the sampling units (SUs)
in the multivariate space, with the origin of the PCA axes corresponding to the center of gravity
(G) of the SUs (i.e., represents the average mean habitat of the sampling domain). Based on the
distribution of the species in the different SUs, a center of gravity was calculated for each species
considering only the samples where the species occurred. This center of gravity represents the mean
habitat condition used by the species. The OMIs for the different species were then estimated by the
Euclidean distance between the species center of gravity and G. The total inertia is proportional to the
average marginality of species and represents a quantification of the influence of the environmental
variables on the niche separation of the species [29]. The statistical significance of the calculated
marginalities (i.e., OMIs) were tested using Monte Carlo permutations included in the packages ‘ade4’
(10,000 permutations).

4.2.2. Subniche analysis

The WitOMI calculation was performed using the package ‘subniche’ [36] considering the same
species and environmental variables mentioned previously for the OMI analysis. The WitOMI is
based on parameters similar to the ones calculated in the OMI analysis, but instead of using the
entire sampling domain, it considers one subset at time [30]. For the 10-year data series, the subsets
were defined a priori (as explained in the Results section), whereas for the complementary WitOMI
analysis using the dataset previously published by Alves-de-Souza et al. [21], the subsets were defined
by a k-mean cluster analysis of the OMI scores of the SUs using the function fact of the package
‘knitr’ [92], with the optimal number of clusters previously determined using the function fviz_nbclust
of the package ‘factoextra’ [93]. In both cases, the center of gravity of the SUs (Gk) (i.e., mean habitat
condition in the subset), and the center of gravity of the different species in the subset (i.e., mean habitat
condition used for the species in the subset) were calculated. Based on these parameters, the two
additional marginalities (WitOMIG and WitOMIGk) were calculated. For a detailed explanation on the
WitOMI analysis, see Karasiewicz et al. [30].

The function subkrandtest in the package ‘subniche’ was used to check for differences in the
physical and meteorological conditions among the four subsets. The null hypothesis in this test being
that “Gk is not different from the overall habitat condition represented by G” [94]. The statistical
significances of the calculated marginalities (WitOMIG and WitOMIGk) were tested using the function
subnikrandtest in the ‘subniche’ package. In the case of the WitOMIG, the null hypothesis is that “each
species within a subset is uninfluenced by its overall average condition” whereas for the WitOMIGk
the null hypothesis states that “each species within a subset is uninfluenced by its subset average
condition” [94]. Both functions are based on Monte Carlo permutation test (10,000 permutations).
A tutorial for the WitOMI analysis is available at [94].

4.2.3. Relevance of Environmental Variables

Correlation among variables was checked by Pearson analysis. The function envfit from the
package ‘vegan’ [35] was used to fit the environmental variables to the OMI scores. To visualize the
frequency of occurrence (based on presence/absence) of D. acuminata and P. reticulatum related to the
different environmental variables, Kernel density estimation (KDE) plots were obtained using the
function geom-density of the package ‘ggplot2’ [95]. Finally, the relative importance of the different
environmental variables to D. acuminata and P. reticulatum blooms was accessed by conditional inference
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tree analysis using the function ctree in the package ‘party’ [96]. For that, the density of the two species
was converted to a categorical variable with two levels: “bloom” and “no bloom”. Bloom levels
were stablished as higher than 1000 and 10,000 cells L−1 for D. acuminata [34] and P. reticulatum [97],
respectively. Although the conditional inference tree analyses for both species considered all the
environmental variables (i.e., water temperature, salinity, Brunt–Väisälä frequency, Niño 3.4 index and
SAM index) only the significant variables (p < 0.05) associated with blooms were depicted in the trees.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/1/19/s1.
Figure S1: (A–H) Box-plots showing seasonal median values for the physical and meteorological variables in
the different years. (I) Examples of salinity vertical profiles related to the different values of the Brunt–Väisälä
buoyancy frequency. Figure S2: Salinity vertical profiles. Figure S3: Box-plots showing seasonal median values
for Dinophysis acuminata (A) and Protoceratium reticulatum (B) in the different years. Table S1: Niche parameters
estimated through the OMI analysis for the five Dinophysis species and Protoceratium reticulatum in the Reloncaví
Fjord during the 10-year time series. Table S2: Subniche parameters estimated through the WitOMI analysis of
Dinophysis acuminata (Dacum) and Protoceratium reticulatum (Pret) in the Reloncaví Fjord for the summer months
during the 10-year time series.
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Abstract: Blooms of Dinophysis acuminata occur every year in Galicia (northwest Spain), between
spring and autumn. These blooms contaminate shellfish with lipophilic toxins and cause lengthy
harvesting bans. They are often followed by short-lived blooms of Dinophysis acuta, associated with
northward longshore transport, at the end of the upwelling season. During the summers of 1989 and
1990, dense blooms of D. acuta developed in situ, initially co-occurring with D. acuminata and later with
the paralytic shellfish toxin-producer Gymnodinium catenatum. Unexplored data from three cruises
carried out before, during, and following autumn blooms (13–14, 27–28 September and 11–12 October)
in 1990 showed D. acuta distribution in shelf waters within the 50 m and 130 m isobaths, delimited
by the upwelling front. A joint review of monitoring data from Galicia and Portugal provided a
mesoscale view of anomalies in SST and other hydroclimatic factors associated with a northward
displacement of the center of gravity of D. acuta populations. At the microscale, re-examination of the
vertical segregation of cell maxima in the light of current knowledge, improved our understanding
of niche differentiation between the two species of Dinophysis. Results here improve local transport
models and forecast of Dinophysis events, the main cause of shellfish harvesting bans in the most
important mussel production area in Europe.

Keywords: Dinophysis acuta; Dinophysis acuminata; DSP; physical–biological interactions; niche
partitioning; climatic anomaly

Key Contribution: Large positive SST anomalies combined with moderate upwelling and persistent
thermal stratification were associated with the early decline of D. acuminata and its replacement by
Dinophysis acuta in northwestern Iberian coastal waters and a poleward shift of the species distribution.
The co-occurrence of D. acuminata with D. acuta from July to August showed a niche partitioning
of the two toxic species; concentration of okadaic acid in raft mussels was a useful indicator of the
vertical distribution of the species.

1. Introduction

Potentially toxic dinoflagellate species of the genus Dinophysis are distributed worldwide. To date,
around twelve species of Dinophysis have been found to produce two kinds of lipophilic toxins:

Toxins 2019, 11, 37; doi:10.3390/toxins11010037 www.mdpi.com/journal/toxins138



Toxins 2019, 11, 37

diarrhetic shellfish poisoning (DSP) toxins and/or pectenotoxins (PTXs) [1]. These toxins are retained
by filter feeding bivalves and are the main cause of shellfish harvesting bans in western Europe [2].
These bans are enforced when shellfish contamination with DSP toxins and PTXs exceeds the
Regulatory Levels (RL) established by European Union directives [3] (herein referred to as “DSP
event”). DSP events may occur with moderate cell densities, i.e., a few hundred cells per liter,
and blooms of Dinophysis (densities > 103 cell L−1) are defined as “low biomass blooms of toxin
producing microalgae which are transferred through the food web” [1].

Negative impacts of Dinophysis blooms, namely of D. acuminata and D. acuta, are particularly
severe in the Galician Rías Baixas and northern Portugal, northwestern Iberia, where harvesting bans
may last more than nine months in the most affected shellfish production areas [1,4,5]. This region,
located on the northern limit of the Canary Current upwelling system (Figure 1A,B), is subject to a
seasonal upwelling regime due to latitudinal shifts of the Azores high- and the Iceland low-pressure
systems [6]. Predominant northerly winds from April to September provoke upwelling, and southerly
winds from October to March lead to downwelling. In early spring and summer, northerly winds
create jets of cold upwelled water on the shelf, and a southward flow of offshore surface waters, the
Portuguese Coastal Current (PCC) [7,8] (Figure 1). A poleward countercurrent, the Portuguese Coastal
Undercurrent (PCUC), also known as the Poleward Surface Slope Current, or the Iberian Poleward
Current (IPC), transports warmer and saltier subtropical water to the north [9,10]. In addition, during
the autumn transition from the upwelling to downwelling season, a relatively narrow poleward warm
flow has been described on the inner shelf, the “inner shelf countercurrent”, inshore of a southward
moving tongue of previously upwelled water [11,12].

Figure 1. Map of the study area showing (A) Iberian Peninsula, (B) Northwest Iberia and location of the
sampling station (asterisk) for upwelling index estimates, and (C–E) location of the sampling stations
during the three cruises and of the two monitoring stations in Ría de Vigo and Ría de Pontevedra.

Upwelling has been identified as the main physical factor controlling phytoplankton dominance
in the Galician Rías [13–15] and changes in upwelling patterns related to changes in phytoplankton
community composition and in the frequency of toxic algae events [13,14,16]. On a seasonal scale,
initiation or intensification of PSP (Gymnodinium catenatum) and DSP (Dinophysis) events have been
associated with upwelling relaxation at the end of the upwelling season. The inner shelf countercurrent
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has been related with a northward transport of harmful dinoflagellates from northern Portuguese
waters towards the Galician Rías Baixas [11,17]. On a smaller spatiotemporal scale, the highest risk of
toxic events occurs during relaxation/downwelling between upwelling pulses (transport), or with
calm weather and a stratified water column following upwelling (in situ growth) [18–20].

Previous studies in the region have shown that D. acuminata and D. acuta exhibit marked
differences in their phenology [21–24] and occur associated with different microplankton assemblages
throughout the annual succession [25]. Thus, the initiation of the D. acuminata growth season has
been shown to be tightly coupled to the beginning of the upwelling season (March to September) and
establishment of a shallow early spring pycnocline [26]. Earlier (March) DSP events caused by this
species have been related to anomalous wind patterns the preceding winter [27]. In contrast, D. acuta,
a mid-to-late summer species in northern Portugal, thrives under thermal stratification combined with
moderate upwelling (Figure 1B) [28,29]. High densities of D. acuta in the Rías Baixas are usually found
only at the end of the upwelling season (autumn transition) associated with upwelling relaxation
and longshore transport [21,30,31]. But during exceptionally hot and dry summers combined with
moderate upwelling pulses, D. acuta was found to grow in the Rías Baixas at the same time as and
later replacing D. acuminata [23]. In addition, toxic blooms of the chain former Gymnodinium catenatum,
producer of paralytic shellfish poisoning (PSP) toxins, occurs in some years in the autumn [11,32].
Blooms of G. catenatum have been also related to longshore transport at the end of the upwelling
season, but a time lag of approximately seven days (two consecutive samplings) was usually observed
in the Galician HAB monitoring between the sudden peaks of this species from 1986 to 1990 and the
preceding maxima of D. acuta (unpubl. data). This time lag suggests different locations of the source
populations for each species’ blooms.

In 1990, exceptional summer blooms of D. acuta, in terms of cell density and time of co-occurrence
with D. acuminata, developed in situ in the Galician Rías Baixas [18,33]. Later, during the autumn
transition, there were simultaneous blooms of D. acuta and G. catenatum. Three research cruises were
carried out on the Galician shelf to measure physical properties of the sea surface and water column,
nutrients and HAB species distribution before, during and after the intense autumn blooms, in addition
to the routine monitoring in shellfish production areas. The objective of these cruises was to identify
the origin of the inoculum populations of G. catenatum [34] and no information was provided about
the accompanying populations of Dinophysis. Here, unexplored results from these cruises, in addition
to monitoring data from the rías of Pontevedra and Vigo and from the northern Portuguese coast are
re-examined in the light of current knowledge with a focus on the co-occurring Dinophysis species.
Results obtained here contribute to parameterize mesoscale environmental conditions associated
with exceptional blooms of D. acuta developed that year and most important, the niche partitioning
between D. acuta and D. acuminata explaining their spatiotemporal segregation. This information is
used to refine local transport models and improve capabilities to forecast toxic events in the Galician
Rías Baixas.

2. Results

2.1. Meteorological and Hydrographic Conditions

Summer 1990 in northwest Spain was extremely hot and dry. Positive air temperature anomalies
were +2.6 ◦C (maximum of 36.6 ◦C on 20 July) in July and +2.0 ◦C in August compared with the 47-y
(1967–2013) mean. Total rainfall from June to September in 1990 (118 mm) was less than half the mean
value (263 mm) for the same period in the last 47-y (Figure 2A). In contrast, a significant positive
anomaly was observed in autumn rainfall, with more than double the monthly mean (210 mm) during
October (428 mm) (Figure 2A).

Estimates of the Cumulative Upwelling Index (CUI) showed that in 1990, the start of the upwelling
season or “spring transition”, on 21 March, was within the normal time-window observed in the
climatological mean (1967–2013), but the autumn transition, on 24 September, was two weeks earlier
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(Figure 2B). Thus, the second cruise was three days after the end of the upwelling season. The Total
Upwelling Magnitude Index (TUMI), 81,280 m3 s−1 km−1, from 12 March to 30 September, was slightly
above the 47-y mean (69,650 m3 s−1 km−1). At the event scale (7–10 days), the year 1990 was a “normal”
year, presenting average patterns in its sequence of upwelling-relaxation cycles during spring and
summer (Figure 2C).

Figure 2. (A) Monthly rainfall (mm) in 1990 and the 30-y (1961–1990) monthly mean at Vigo airport.
Whiskers indicate standard deviation. (B) Cumulative upwelling index (CUI) observed at 43◦ N in
the Canary Current upwelling system in 1990. Upwelling and downwelling transitions are indicated.
(C) Daily Ekman transport (m3 s−1 km−1) estimated at 43◦ N, from June to October 1990. Arrows
indicate the initiation day of the three shelf water cruises.

From mid-June to early August the top 10 m of the water column were thermally stratified
(Figure 3A). Stratification and sea surface temperature (SST) (22 ◦C) reached record values for the area
in late July [18,33]. During August, there was evidence of a strong (1700–2200 m3 s−1 km−1) upwelling
pulse (SST 15 ◦C, 10 μM nitrates at 15 m) after the first week followed by intermittent intrusions of
colder water and increments of nitrate levels alternated with periods of rewarming and increased
stratification that were not as marked as in July (Figure 3B). These intermittent upwelling pulses were
followed by significant increases of chl a concentrations with a maximum value of ~8 μg chl a L−1

at the surface on 8 August (Figure 3C). During the last third of September, nitrate levels declined
to almost undetectable levels, bottom temperatures increased, and progressive mixing took place in
response to a few days of upwelling relaxation before downwelling. These conditions are common
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in the area at the end of the upwelling season, which in 1990 occurred two weeks earlier than the
47-y mean.

Figure 3. Time series of (A) temperature (◦C), (B) nitrate (μM), (C) chlorophyll a (μg L−1),
(D) D. acuminata, and (E) D. acuta cell densities (cells L−1); (F) Okadaic acid in mussels (3 depths)
digestive glands (μg g−1 HP), from June to December 1990 at a monitoring station (P2) in Ría
de Pontevedra. Isotherms are drawn at intervals of 1 ◦C. Gray dots indicate depth and time of
measurements. Dinophysis contour plots were made with cell density estimates from integrated (0–5 m,
5–10 m, and 10–15 m) tube samples plotted at 2.5, 7.5, and 12.5 m.

2.2. Seasonal Variability of Dinophysis Species and Microphytoplankton in Ría de Pontevedra

During June and the first half of July, moderate (102–103 cells L−1) densities of D. acuminata
were observed in the warmer top 0–5 m layer (Figure 3D). Maximal densities were found on 23 July
(8.3 × 103 cell L−1) in the same layer, followed by almost undetectable levels after the strong upwelling
pulse (2200 m3 s−1 km−1) in early August. A second surface maximum developed by mid-August
(2.2 × 103 cell L−1). A new decline followed, very low numbers were detected in September, and cells
of D. acuminata were no longer detected either in the hose or in net samples in October. Dinophysis
acuta, first detected on 10 July, exhibited low densities (max. 160 cell L−1) that month. Rapid growth
took place in early August, with a maximum of 14 × 103 cell L−1 found at 10–15 m on 13 August
(Figure 3E), co-occurring with the second peak of D. acuminata at the surface. The depths of D. acuta
maxima followed the vertical excursions of the isotherms. A second peak of 13.8 × 103 cells L−1

142



Toxins 2019, 11, 37

occurred at 10–15 m on 2 October following downwelling and the species was no longer detected after
22 October (Figure 3E).

During June, small centric colony-forming diatoms (Leptocylindrus minimus, Leptocylindrus danicus,
Guinardia delicatula, and Dactyliosolen fragilissimus) represented over 90% of the microphytoplankton
accompanied by nanoplanktonic flagellates. In early July, Pseudo-nitzschia seriata-group species
constituted >87%, and Tripos fusus was the most abundant dinoflagellate. In the second half of
July, during maximal stratification, red patches of the ciliate Mesodinium cf rubrum were observed on
the surface at noon, and Proboscia alata, and to a lesser extent Pseudo-nizschia spp., Leptocylindrus spp.,
and T. fusus were the most abundant species in the samples. Diatoms, in particular P. alata, Rhizosolenia
shrubsolei, L. danicus, and L. minimus, were still dominant (>95%) at the three depth intervals all through
August. The last two diatoms were dominant in the top 10 m in September, while Gymnodinium
spp. were the most abundant in the 10–15 m layer at the end of that month. Thus, from June
to September, when nutrients were high (Figure 3B), diatoms and small flagellates predominated
and Dinophysis species (D. acuminata + D. acuta) represented a small proportion (1–5%) of the
microphytoplankton community. The situation changed abruptly on 2 October, following some
days of upwelling relaxation, when a sudden peak of G. catenatum, co-occurring with D. acuta,
became the main component of a dinoflagellate (T. fusus, Protoperidinium divergens, and Prorocentrum
triestinum)-dominated microplankton community with no diatoms. There was a lag of approximately
five days between the cell maxima of D. acuta and G. catenatum at the monitoring station in the mouth
of Ría de Vigo (Figure 4). After 8 October, diatoms reoccurred and together with small flagellates were
the main component of a very sparse phytoplankton population.

Figure 4. Distribution of D. acuta and G. catenatum cell maxima in the vertically integrated (0–5, 5–10,
and 10–15 m) samples from a monitoring station at the mouth of Ría de Vigo (Figure 1).

2.3. Distribution of OA with Depth in Raft Mussels

Results from the monitoring of okadaic acid (OA) at three depths of the mussel ropes showed low
levels of OA (1.4 μg g−1 HP) in mussels from 7 and 15 m in early June, and a moderate progressive
increase (up to 3 μg g−1 HP) during June until mid-July. Between 17 and 31 July, OA levels at 2 m
increased, coinciding with the surface maximum of D. acuminata, to the highest value of the season
(10.8 μg g−1 HP). In August (1.9–3.0 μg g−1 HP) and September (1.5–1.8 μg g−1 HP), there was an
even distribution of the toxin with depth, with the exception of a small peak (4.4 μg g−1 HP) at 2 m
coinciding with the second maximum of D. acuminata before the population declined. A new increase
with a maximum at 15 m (4.7 μg g−1 HP) was detected at the same time and depth as the peak of
D. acuta. From 8 October onward, OA levels gradually decreased, becoming undetectable by the end
of the month at 15 m and on 5 November at 2 and 7 m.

Assuming for Mytilus galloprovincialis an average whole flesh:digestive gland weight ratio of
11:1 [35] and that approximately 80% of the toxins are accumulated in the digestive gland, the maximum
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level of OA observed in late July would be equivalent to approximately 1230 μg OA 100 g−1 meat, i.e.,
7.7-fold higher than the RL.

2.4. Hydrodynamic Conditions on Shelf Before, During, and after the Autumn DSP and PSP Events

Cruise 1 (13–14 September). During the first cruise, there was offshore Ekman transport and
upwelling associated with the onset of northerly winds the preceding days (Figure 2). The cruise
coincided with an intense intrusion of cold water in bottom layers into the rías and with the export
of surface ría waters to the shelf (Figure 5A). The upwelling pulse in the shelf–rías system was
characterized by a marked upwelling front about 19 nm off the coast (~150 m isobath) with a gradient
of 2.3 ◦C in 1.6 nm (Figure 5 A,B). The phytoplankton community on the inshore side of the front
was dominated by the same diatoms than inside the rías, i.e., L. danicus, L. minimus, and by species
of Pseudo-nizschia seriata-group spp. Seaward of the front there was a sharp decline in chlorophyll
a fluorescence, and a dominance of small flagellates; values of salinity (>35.9) and temperature
(>18 ◦C) corresponded to those typical of the Iberian Poleward Current (IPC) [9]. D. acuta cells
were only observed at stations on the inshore side of the upwelling front. Maximum cell densities
(9 × 103 cell L−1) were observed at the base of the pycnocline (20 m) on a shelf station (50 m isobaths)
close to the mouth of the Miño River (station 9) (Figures 5B and 6A).

Figure 5. Vertical distribution of (A,C,E) temperature (◦C), measured with XBT, in transects diagonal
to the coast (left) and (B,D,F) temperature (CTD casts) and D. acuta cells density (bottle samples) in
transects perpendicular to the coast (right) sampled during the three cruises on the Galician shelf (see
Figure 1).
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Figure 6. Vertical profiles of temperature (blue), salinity (red), and D. acuta cell densities (green), on the
adjacent shelf during three cruises on (A) 13–14 September, (B) 27–28 September, and (C) 11–12 October.

Cruise 2 (27–28 September). Following some days of downwelling relaxation, a low pressure
system off the western Iberian peninsula caused a shift from northerly to southerly winds on
25 September (Figure 2) resulting in onshore transport of the warmer (19 ◦C), more saline water
located seaward of the front in the previous cruise, and lowering of the pycnocline over the whole
shelf to the outer reaches of Ría de Vigo (Figure 5C). Maximal densities of D. acuta (5.4 × 104 cells L−1)
associated with marked vertical gradients (3.3 ◦C/20 m) were found at the base of the pycnocline at
20 m on a shelf station (station 12, 100 m isobath) close to the southern mouth of Ría de Vigo (Figure 6B).
G. catenatum, below detection levels in the previous cruise, reached a maximum of 6.2 × 104 cells L−1

at 10 m at the monitoring station in the mouth of Ría de Vigo.
Cruise 3 (11–12 October) Renewed northerly winds at the beginning of October, after an intense

upwelling event, led to positive Ekman transport (maximum value, 2000 m3 s−1 km-1 on 7 October)
and inflow of cold nutrient rich waters into the rías from below with surface outflow of warmer,
less saline water from the rías. This re-established a strong thermal stratification and coastward
shoaling of the 13.5–16.5 ◦C isotherms that reached the surface at the mouth of Ría de Vigo (Figure 5E).
A new upwelling front developed, much closer to the coast than the one observed during the first
cruise (Figure 5E,F). These conditions coincided with the decline of G. catenatum. Maximum values
of 1–5 × 102 cells L−1 of this species were detected in the mouth of Ría de Vigo and adjacent shelf
stations. Bloom levels (>103 cells L−1) of D. acuta persisted at all stations sampled, with cell maxima at
10 m, below the warmer and saltier surface layer (Figure 6C).

2.5. Thermohaline Conditions Associated with Dinophysis and G. catenatum Shelf Maxima

Cell densities of toxigenic species (D. acuminata, D. acuta, and G. catenatum) plotted over TS
diagrams during the three cruises showed that cell maxima of the three species were located in the
mixed surface layer (< 30 m). This water layer is delimited by a seasonal thermocline (Figure 7).
D. acuminata was detected in low densities (max. 120 cells L−1) during the first and second cruises
which showed salinities <35.5 and temperatures of 16 to 18 ◦C (Figure 7A). Plots of D. acuta cell
densities on TS diagrams showed that it was most abundant in a salinity range of 35.4 to 35.9 and
a temperature of 14 to 18 ◦C (Figure 7B). The cell maximum (5.4 × 104 cells L−1) observed during
the second cruise was associated with the 26.5 σt isopycnal (Figure 7B). In the case of G. catenatum,
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highest cell densities were associated with a temperature of 14 to 18 ◦C and salinity 35.4 (Figure 7C).
This water mass, although similar in temperature to the warm offshore water, had a lower salinity.

Figure 7. Cell densities (cells L−1) of (A) D. acuminata, (B) D. acuta, and (C) G. catenatum plotted over TS
diagrams from the three shelf cruises from September to October 1990. Contour lines (gray) represent
isopycnals spaced at intervals of 0.5 σ.

Images from the AVHRR sensors, corresponding to the day pass of the satellite over the study
area on 10 October revealed a surface poleward flow characterized by SST values >18 ◦C (Figure 8),
which correspond to the signature of the Iberian Poleward Current, IPC. These agree with the surface
salinity (>35.9) and temperature (>18 ◦C) values observed at the offshore stations (stations 1 and 2) on
11 October during the third cruise.

2.6. Mesoscale Dynamics of D. acuta in Galician-Portuguese Coastal Waters

Mesoscale dynamics of D. acuta cell density distribution estimated from weekly monitoring
sampling at different sites along northwestern Iberian coastal waters, from Cape Carvoeiro, Portugal
to Cape Finisterre, Spain between July and October 1990, were compared with the distribution in the
same area observed in 2005 (Figure 9). In July 1990, low to moderate density (102–103 cells L−1)
populations of D. acuta were detected throughout Galician-northern Portuguese coastal waters.
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Densities progressively increased reaching a maximum off Aveiro (2.9 × 104 cells L−1) on 30 July and
off Ría de Vigo (3.5 × 104 cells L−1) on 13 August.

Figure 8. Sea Surface Temperature (SST) from AVHRR (2-km) satellite data on 10 October 1990. White
patches represent clouds.

Figure 9. Seasonal variability, from June to November, of D. acuta cell maxima at monitoring sites in
Galicia and northern Portugal in 1990 (A) and 2005 (B). Isobaths are shown in gray. The 2005 map is
modified from Escalera et al. [30].

From mid-August onwards, the Galician Rías became the center of gravity (the region of highest
population density) of the late summer D. acuta population distributed from Óbidos, Portugal to the
Galician Rías. This population showed a seasonal bimodal distribution in the Galician Rías, with a
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second maximum of 2 × 104 cells L−1 observed in Ría de Pontevedra in early autumn (24 September)
(Figure 9A). At the same time, cell densities 1–2 orders of magnitude lower (<1 × 103 cells L−1) were
detected off Aveiro. From 8 October onwards, cell densities declined, and they were below detection
levels at most stations by the end of the month. Thus, in 1990 the growth season of D. acuta started
and finished earlier in northern Portugal and showed a bimodal pattern with an unusual summer
growth on the Galician coast, where the center of gravity of the population was located throughout
August and September. The situation was quite different in 2005, a year which exhibited the most
typical seasonal pattern of D. acuta populations in northwestern Iberia. In 2005, D. acuta populations
developed in Portuguese coastal waters in summer, reaching record values off Aveiro in late August,
and declined in late October. On the Galician coast, D. acuta densities were extremely low in summer.
High densities were detected in late October associated with northward longshore transport by the end
of the upwelling season [30] (Figure 9B). Therefore, during 2005, the center of gravity of the summer
distribution of D. acuta population was off Aveiro, which is the common situation for the seasonal
distribution of this species [28,29].

3. Discussion

HAB species respond to changes in local hydrodynamics that may be driven by large-scale
atmospheric processes. Nevertheless, knowledge about the time scales over which preceding
conditions shape communities and their biomass is scarce [36]. In 1990, the seasonal spatial variability
of D. acuta on the Galician northern Portuguese shelf showed a northward drift and was characterized
by unusually early dense (>104 cells L−1) summer blooms. These blooms were associated with
exceptional hydroclimatic conditions in summer, including positive anomalies of SST (over 2 ◦C)
on the Galician shelf and in the Rías. These anomalies were a large scale phenomenon which also
affected plankton communities in the North Sea and other northeast Atlantic coastal regions [37,38].
A second “normal” bloom occurred at the end of the upwelling season co-occurring with a PSP event
of G. catenatum. Although both D. acuta events (late summer and early autumn) during 1990 reached
similar population densities (2–3 × 104 cells L−1), they developed under distinct meteorological and
oceanographic conditions. The hydroclimatic process implicated in the onset, development, and
decline of these exceptional events is discussed here with the overall objective of “identification of key
past events which will be re-analyzed and used for training the modelling system”.

3.1. Initiation of D. acuta Summer Bloom and the Replacement of D. acuminata

HABs may be triggered by different mechanisms promoted by physical, chemical and biological
conditions optimal for bloom development [39]. In 1990, the exceptional D. acuta summer bloom
coincided with extreme climate anomalies, characterized by very hot and dry summer conditions.
These local weather conditions were accompanied by an upper-level high-pressure anomaly in late July
and early August (data not shown). Likewise, Cloern et al. [36] reported extreme climate anomalies
associated with an exceptional bloom of the red tide forming dinoflagellate Akashiwo sanguinea in San
Francisco Bay during summer 2004. Nevertheless, similar summer blooms have not been observed in
the Galician Rías since then, despite new records of high summer temperatures.

Recently, Díaz, et al. [33], based on a 29-y time series (1985–2013) analysis of monitoring data from
the Galician Rías, suggested that a long period of stable, thermally-driven stratification is necessary for
in situ development of summer populations of D. acuta. These authors suggested that exceptional in situ
development of these populations (mainly July–August) appeared related to an optimal combination
of SST (>17 ◦C), water column stability (>6 weeks) and values of upwelling close to the historic mean.
These conditions would keep stability in the stratified top layer down to a favorable depth for D. acuta.
In summer 1990, as well as in 1989, these “optimal environmental conditions” were observed. Recent
laboratory studies have shown that Dinophysis species, including D. acuta, are obligate mixotrophs
which require live ciliate prey (e.g., Mesodinium spp.) and light for sustained growth, but they are also
able to survive for long periods of time (up to two months) without prey [40,41]. Nevertheless, predator
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and prey have different environmental requirements, their populations only coincide occasionally [42],
and Dinophysis populations may often be prey-limited [43]. Monitoring data reported a dominance
of Mesodinium cf rubrum within the microplankton community during the second half of July. Thus,
the exceptional summer bloom of D. acuta in 1990 may be understood as a local response to an optimal
coupling of physical (persistent thermal stratification) and biological conditions (prey availability)
promoting in situ growth on the Galician shelf.

The sequential development of D. acuminata and D. acuta populations, the former with a much
longer growth season than the second, is observed in all the geographic areas where these two HAB
species commonly occur [44]. This is the case in northwestern Iberia, where a wider continental shelf
enhances stratification and the development of dense populations of D. acuta in summer with a center
of gravity off Aveiro [28]. But in the Galician Rías, in situ growth in summer is very weak (if it is
present at all) and DSP outbreaks associated with this species are in the autumn, at the end of the
upwelling season and due to longshore transport and accumulation [30]. During the exceptional years
(1989 and 1990) described above, D. acuta exhibited a seasonal bimodal distribution characterized by
two annual peaks. The first maximum, in late summer, associated with in situ growth and the second
maximum in the autumn transition linked to physical transport [30].

A detailed understanding of the species-specific processes involved in the replacement of
D. acuminata by D. acuta in late summer during exceptional summer conditions has not so far been
achieved. A plausible explanation was given by Escalera et al. [23], who suggested that in the
Galician Rías Baixas this replacement appeared to be associated with the establishment of deeper
thermoclines. These authors described the 2003 scenario, with a high temperature (~20 ◦C) in the
top layer (1–5 m) during a very hot summer. Dinophysis acuta was present and replaced D. acuminata,
but at very low cell densities. The year 2003 was also characterized by having extremely weak
upwelling pulses. This situation was recently reinterpreted in the light of new knowledge on Dinophysis
feeding-behavior [33]. The low intensity upwelling pulses and subsequent low nutrient levels in the
euphotic layer in 2003 would have prevented the development of high densities of Mesodinium, and its
cryptophyte prey, both part of the food chain required to promote Dinophysis growth.

3.2. Niche Partitioning and Specific Requirements of D. acuminata and D. acuta

Species can differentiate their niche in many ways, such as by consuming different foods, or using
different parts of the environment. The spatial and temporal complexity of upwelling dynamics can
create a variety of niche opportunities for phytoplankton populations, including HAB species. In these
systems, phytoplankton populations are much more dependent of turbulence (physical control) and
nutrient availability [45]. Further, the large species diversity observed indicate that the adaptations
and behavioral strategies are varied [46]. Recently, Smayda [47] suggested that different morphological
traits allow dinoflagellates exploit the complex niche structure of upwelling systems without the need
for special adaptations.

In this work we studied the population dynamics of two dinoflagellate species of Dinophysis—D.
acuminata, and D. acuta—which are both kleptoplastic mixotrophs, i.e., they perform photosynthesis
with “stolen” plastids from their prey. The two species have identical partial (23 S rDNA) sequences of
their plastid psbA gene and both are successfully cultivated in the laboratory with the phototrophic
ciliate Mesodinium rubrum [48]. Therefore, if the two species share the same prey, they would not be
able to co-occur unless they occupied different positions in the water column. Results here show that
when D. acuminata and D. acuta coincided in time (August 1990), their maxima occupied different water
masses, suggesting a “niche partitioning” with depth. This vertical segregation may be associated
with the species-specific response to environmental factors, such as light (quality and intensity)
and turbulence.

Recent laboratory experiments with the two species have shown that Dinophysis acuta is more
susceptible to photodamage, under high light intensities (370–650 μmol photons m−2 s−1) than
D. acuminata, but survives better with low light (10 μmol photons m−2 s−1) and endures longer
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periods (28 d) in the dark [49]. D. acuta is better adapted to low light intensities and photosynthesizes
better with blue light, the only wavelength reaching the lower limit of the euphotic zone, and its
swimming capacity [46] enables it to succeed in deeper pycnoclines than D. acuminata. These features
might explain its vertical distribution in summer in the Galician Rías, close to or associated with the
pycnocline, whereas D. acuminata cell maxima aggregate nearer the surface. The vertical distribution
of OA on the raft mussel ropes, with a marked peak at 2 m, provided evidence of the aggregation
of D. acuminata near the surface in late July. From mid-August onwards, when D. acuta became the
dominant Dinophysis species in the rías, the similar levels of OA in mussels from the three depths
sampled suggests this species performed a daily vertical migration.

Morphologically, D. acuminata and D. acuta are also quite distinct. D. acuta, with a biovolume
3 times larger than D. acuminata, is much more dorsoventrally compressed than D. acuminata, which
is rounded. These differences enable D. acuminata to endure higher values of turbulence near the
surface. In contrast, D. acuta moves in layers, close to the pycnocline, with decreased rates of kinetic
energy dissipation (ε). Experimental work with cultures of the two species subject to three different
levels of turbulence confirmed that D. acuta was more sensitive to high levels of turbulence than
D. acuminata [50]. All these differences in morphology and adaptations to distinct environmental
conditions would define the realized niche of each species of Dinophysis and justify their co-occurrence
in time but at different levels in the water column, even considering their competition for the same prey.

3.3. Inoculum Source for Bloom Development

Results from northern Portugal shelf waters have shown that the highest cell densities of D. acuta
always occurred at the inner-shelf margin. [51]. The best documented example was reported by
Moita et al. [29] who described an intense bloom of D. acuta (5 × 104 cells L−1) restricted to a subsurface
thin layer (between 18 and 20 m depth) within the pycnocline extending 30 km offshore.

The three cruises discussed here were originally planned in 1990 to investigate the origin of the
inoculum population leading to abrupt increments of G. catenatum in the Galician Rías during relaxation
at the end of the upwelling season [32]. One hypothesis was that the inoculum for G. catenatum blooms
was transported by the Iberian Poleward Current. Results here showed that the phytoplankton in
the IPC was mainly composed of small flagellates and that D. acuta and G. catenatum were always
found at shelf stations close to the coast, but not at offshore stations. Early suspicions of longshore
transport of G. catenatum came after observations on the mesoscale dynamics of blooms of this species
in 1985 and 1994. Populations of G. catenatum were detected in retention areas formed on the lee side
of upwelling plumes off Capes Roca and Carvoeiro during summer before blooming in northwestern
Iberia in the autumn [52]. These autumn blooms were very sudden, during upwelling relaxation,
and were interpreted as a result of advection from shelf populations into the Galician Rías [32]. Twenty
years later, improved knowledge on the hydrodynamics and the development of predictive transport
models in northwestern Iberia have provided a clearer picture of the mesoscale circulation at the end
of the upwelling season and the identification of a poleward inner coastal current [17,53]. This inner
poleward current has been associated with the northward transport of D. acuminata and G. catenatum
populations [11], a view supported by observations from Escalera et al. [30] during the intense 2005
bloom of D. acuta in the Galician Rías. Estimates of in situ division rates of D. acuta throughout its
seasonal occurrence that year showed that during the autumn bloom, cells were not dividing at all, so
the rapid increase in net growth had to be the result of transport rather than in situ growth. Running
of a local hydrodynamic model with data from the autumns of 2005 and 2013 confirmed a northwards
advection in an inner shelf current as a plausible mechanism of northwards transport of D. acuta from
Portugal to Galicia [53]. Surveys in the Celtic Sea, southwestern Ireland, provided evidence of the
direct transport of a high-density patch of D. acuta, forming a subsurface thin layer within a coastal
jet along the south coast of Ireland; the 5-m thick thin layer was centered at 20 m depth and did not
coincide with the deeper (30 m) chlorophyll maximum [54]. The main unresolved issue with Dinophysis
blooms and their contamination of shellfish with DSP toxins in Ireland was the identification of their
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source. Recent surveys have given evidence for extensive D. acuta bloom development in summer
in the productive region close to the Celtic Sea Front, a tidal front extending from southeast Ireland
to Britain [55]. Therefore, the source population of D. acuta would be about 300 km away from the
aquaculture sites in Bantry Bay where their impact is maximal, i.e., a similar distance than that from
the Aveiro “center of gravity” of D. acuta distribution in northwestern Iberia to the intensive mussel
aquaculture sites in the Galician Rías Baixas. Likewise, the formation of a tidal front in the warm season
has been pointed to as an essential requirement for the development of D. acuta blooms in the Firth
of Clyde in western Scotland [56]. In the case of the Iberian blooms, the upwelling front at the time
the cruises took place established the borders between oceanic water populations dominated by small
flagellates, and those in the nutrient-rich shelf waters dominated by microplanktonic dinoflagellates
and diatoms. The toxic dinoflagellate populations of concern were distributed on the inner shelf
waters, far from the front. A much earlier cruise would have been needed, before bloom initiation,
to explore the origin of the inoculum. Nevertheless, results on the distribution of scattered cells of
D. acuta during the Morena cruise in May 1993 confirmed the prebloom distribution of the “pelagic
seed banks”, sensu Smayda [57] of this species were restricted to the northern half of the Portuguese
shelf [58].

3.4. OA Distribution with Depth in Raft Mussels. Implications for Shellfish Exploitation

The sequence of D. acuminata (June-early August) and D. acuta (August–October) events observed
in the Galician Rías in 1990 caused mussel harvesting bans from 9 July to 17 November, with significant
economic losses [59]. Based on the vertical distribution of OA and Dinophysis species presented here
(Figure 4E), it was concluded that D. acuminata blooms were associated with mussel toxicity from June
to early August, and those of D. acuta with the late summer to autumn toxicity. It was also suggested
that the smaller-sized D. acuminata had a stronger toxic potential than the larger D. acuta. We draw
special attention to the fact that only OA was measured in the HPLC analyses performed in the 1990s,
and that according to the analyses of picked cells from the region [60], it was assumed that OA was
the only toxin present in D. acuta strains from Galicia. Dinophysistoxin 2 (DTX2) was not described
until 1992 [61] and the widespread presence of PTX2 in Galician shellfish during blooms of D. acuta,
D. caudata, and D. tripos, until 2002 [62]. Dinophysis acuta has a complex toxin profile including OA,
DTX2, and PTX2 in addition to small amounts of OA diol-esters and PTX11. It is also known that
different years may bring strains with different toxin profiles [63]. In any case, it is certain that the
toxin content in mussels exposed to the D. acuta bloom in the Galician Rías Baixas in 1990 was much
higher than the estimates given at the time.

A remarkable difference was observed in the vertical distribution of OA during the cell maxima of
D. acuminata and D. acuta. The overwhelmingly higher values of toxin content in surface (2 m) mussels
in late July and the second peak in early August suggest that D. acuminata kept aggregated in the top
water layer. This suggestion agrees with observations in recent years on the vertical distribution of
this species during cell cycle studies and a couple of 2-week spring cruises in the Galician Rías and
adjacent shelf [42,64]. In contrast, the even vertical distribution of toxin content when the bloom was
dominated by D. acuta (from mid-August to November), suggests a daily vertical migration of the
species within the depth range of the mussel ropes (2–12 m).

Recently, Díaz et al. [33] proposed a conceptual model based on a 29-year (1985–2013) time series
of weekly observations, to explain the seasonal variability of D. acuminata and D. acuta in the Galician
Rías Baixas. According to this model, years with exceptional summer blooms of D. acuta (such as 1989
and 1990), or even worse, with very intense autumn blooms, following spring-summer blooms of
D. acuminata, have more severe socioeconomic impacts. This is explained by the extended duration
of the Dinophysis bloom season, which causes a longer period of harvesting bans. The latter scenario
is worsened when the autumn blooms of D. acuta end very late in the year, when phytoplankton is
scarce and mussels take much longer time to eliminate the toxins. That was the case in 2005, when
lipophilic toxins accumulated until mid-November did not clear until March 2006 [30]. In addition,
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toxin analyses at the monitoring center are more complex when mussels are exposed to D. acuta than
to D. acuminata, and DTX2 takes longer than OA to be eliminated.

In summary, the development of D. acuta blooms, following those of D. acuminata, may represent
the worst scenario for the shellfish producers in terms of duration of harvesting bans and the
complexity added to the regulation LC-MS analyses of lipophilic toxins. Vertical heterogeneities in
toxin distribution stress the importance of appropriate sampling strategies including sample collection
at different depth of the mussel ropes.

4. Conclusions

The unusual persistence of thermal stratification for 2 months, combined with moderate upwelling
during the summer of 1990 and presumably the abundance of prey in the Galician-Portuguese shelf
(northwest Iberia), was associated with a northwards shift in the mesoscale distribution of D. acuta.
Cell maxima of this species, restricted to a 20 km-wide band, on the shelf, between the 50 and
−130 m isobaths, and vertically segregated from the co-occurring G. catenatum, were observed at the
depth of maximal thermal gradient. Conditions associated with the overlap of summer populations
of D. acuminata and D. acuta in 1990 in the Galician Rías Baixas provided new insights into the
niche-partitioning of two mixotrophs sharing the same ciliate prey and where the concentrations
of okadaic acid in raft mussels can be used as an indicator of the vertical distribution of both
Dinophysis species.

5. Materials and Methods

5.1. Study Area

The study area, northwest Iberia (~39.5◦–42.5◦ N; 09◦ W), is comprised by the Galician Rías Baixas,
the northern half of the Portuguese coast and the adjacent shelf. The Galician Rías Baixas are four
flooded estuaries, site of intensive raft cultivation of Mediterranean mussel (Mytilus galloprovincialis)
with production exceeding 250 × 103 t per year, and extraction of other shellfish species from natural
banks [65]. Shellfish exploitation is of great socioeconomic importance in the whole region under study
and chronic blooms of toxin producing microalgae cause considerable damage to the local economy [4].

5.2. Meteorological Data

Data on air temperature, rainfall and wind speed at Vigo airport (Peinador) were obtained from
the Spanish Meteorological Agency [66]. Upwelling indexes every 6 h, from the Spanish Institute
of Oceanography (IEO) [67], were estimated using model data from the US Navy’s Fleet Numerical
Meteorology and Oceanography Center (FNMOC) derived from sea level pressure on a grid of
approximately 1◦× 1◦ centered at 43◦ N 11◦ W, a representative location for the study area (Figure 1B).
Description of the timing, variability, intensity, and duration of coastal upwelling in the Galician Rías
Baixas during 1990 was made following the model proposed by Bograd et al. [68]. In this model,
the Total Upwelling Magnitude Index (TUMI) is estimated as

TUMI =
STI

∑
END

CUI(t)

where CUI, the Cumulative Upwelling Index, is the sum of the daily mean upwelling index; STI,
the Spring Transition Index, is the date on which CUI (integrated from January 1st) reaches its minimum
value; and END is the annual maximum of CUI which marks the end of the upwelling season date
(autumn transition).
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5.3. Satellite Images

Sea surface temperature (SST) images (2 km resolution) from the Advanced Very High Resolution
Radiometry (AVHRR) satellite sensor were obtained from NERC (Plymouth, UK). Although both day
and night AVHRR data were available, only night time data were used, because these are not affected
by reflected solar radiation and geographically varying diurnal warming [69]. It is important to note
that remote sensors measure radiance emitted only over the upper optical depth, typically at a depth
of ~1 m in coastal waters [70].

5.4. Field Sampling and Phytoplankton Analyses

Weekly sampling of phytoplankton and environmental conditions in the Rías of Vigo and
Pontevedra was carried out on board R.V. Navaz as part of the IEO monitoring program of potentially
toxic phytoplankton and environmental conditions. One pilot station on each ría was visited twice
a week. Following recommendations from the International Council for the Exploration of the Sea
(ICES) group of experts, water samples for phytoplankton analyses were collected since 1986 with
a dividable (0–5 m, 5–10 m, and 10–15 m) hose sampler [71]. This system was recommended to
sample patchy populations which may escape detection with bottle sampling at discrete depths.
Samples were immediately fixed on board with acidic Lugol’s iodine solution [72]. Quantitative
analyses of potentially toxic phytoplankton species were carried out according to the Utermöhl [73]
method. Lugol-fixed samples were analyzed with a Zeiss Invertoscop inverted microscope (Zeiss, Jena,
Germany) using the method described in Utermöhl (1931). Sedimentation columns of 25 or 50 mL were
filled with water samples and left to settle for 24 h. Two transects were counted at 250 X magnification
to include the smaller and more abundant species. To count larger, less abundant species (including
Dinophysis spp.), the whole surface of the chamber was scanned at a magnification of X100, so that the
detection limit was 40 and 20 cell L−1 when samples of 25 and 50 mL respectively were sedimented.

Weekly reports of phytoplankton distributions in 1990 and 2005 at different stations along the
northern Portuguese coast (Figure 1B) were obtained from the Portuguese HAB Monitoring Programme.
Additional surface water samples were collected with Nansen bottles at fixed long-term monitoring
stations in Cascais (Lisbon, Portugal) and off Aveiro and preserved with neutral Lugol’s iodine solution
and/or buffered formalin. Subsamples of 50–100 mL were allowed to settle for 1.5–3 d.

Sampling on the Galician shelf in 1990 was carried out on board R.V. Navarro during three cruises
on 13–14 and 27–28 September and 11–12 October, over shelf transects (Figure 1C–E). Water samples
for phytoplankton counts, chlorophyll a measurements and nutrients analysis were collected with
Niskin bottles. Vertical profiles of temperature and salinity where obtained with a SeaBird SBE-19
CTD. In addition, Sippican XBTs were launched along a diagonal transect from Ría de Vigo to the
shelf break.

In all cases, monitoring and cruise samples fixed with Lugol’s were analyzed within a few days
and a few weeks after being collected.

5.5. Mussel Sampling, Processing, and HPLC Analyses of Okadaic Acid (OA)

Mussels (3–5 kg) from a fixed raft in Ría de Pontevedra were collected weekly by a scuba diver,
from June 1990 to January 1991, at three depths (2, 7, and 15 m) from a mussel raft rope. Ten mussels
were taken at random from each depth sample, and their digestive glands removed, weighed, and kept
labeled at −20 ◦C until analyses.

The DSP toxins extraction was done following the Lee, et al. [74] procedure with slight
modifications. For each mussel sample, 1 g of homogenized hepatopancreas was extracted with 4 mL of
methanol/water 80:20. After centrifugation, 2.5 mL of the supernatant was extracted twice with 2.5 mL
of hexane. One milliliter of water was added to the methanolic extract and this layer was extracted
twice with 4 mL of chloroform. The final chloroform extract was made up to 10 mL, and an aliquot of
0.5 mL evaporated to dryness, and reserved for derivatization with ADAM reagent (SERVA) and OA
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(Boehringer) was used as standard. Characteristics of the high-performance liquid chromatography
(HPLC) system were Hewlett-Packard 1050, reverse-phase Superspher 100, RP-18 (Lichro-Cart 250-4,
Merck, Kenilworth, NJ, USA); mobile phase, MeCN:H2 O (flow 1.1 mL min−1); column temperature
35 ◦C; fluorimetric detector HP 1046 A, 365 nm excitation, and 412 nm emission wavelength.

5.6. Data Analysis

CTD data analysis and representation were performed using the oce package [75] and maps
representation using ‘maptools’ [76], both from the statistical and programming software R 2.1.12 [77]
available through the CRAN repository [78]. Pathfinder SST satellite data were processed and
visualized using Matlab® (The MathWorks Inc., Natick, MA, USA).
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Abstract: Dinophysis spp. are a major source of diarrheic toxins to marine food webs, especially
during blooms. This study documented the occurrence, in late May 2016, of a massive toxic bloom of
the Dinophysis acuminata complex along the southern coast of Brazil, associated with an episode of
marked salinity stratification. The study tracked the daily vertical distribution of Dinophysis spp. cells
and their ciliate prey, Mesodinium cf. rubrum, and quantified the amount of lipophilic toxins present
in seston and accumulated by various marine organisms in the food web. The abundance of the
D. acuminata complex reached 43 × 104 cells·L−1 at 1.0 m depth at the peak of the bloom. Maximum
cell densities of cryptophyceans and M. cf. rubrum (>500 × 104 and 18 × 104 cell·L−1, respectively)
were recorded on the first day of sampling, one week before the peak in abundance of the D. acuminata
complex. The diarrheic toxin okadaic acid (OA) was the only toxin detected during the bloom,
attaining unprecedented, high concentrations of up to 829 μg·L−1 in seston, and 143 ± 93 pg·cell−1

in individually picked cells of the D. acuminata complex. Suspension-feeders such as the mussel,
Perna perna, and barnacle, Megabalanus tintinnabulum, accumulated maximum OA levels (up to
578.4 and 21.9 μg total OA·Kg−1, respectively) during early bloom stages, whereas predators and
detritivores such as Caprellidae amphipods (154.6 μg·Kg−1), Stramonita haemastoma gastropods
(111.6 μg·Kg−1), Pilumnus spinosissimus crabs (33.4 μg·Kg−1) and a commercially important species
of shrimp, Xiphopenaeus kroyeri (7.2 μg·Kg−1), only incorporated OA from mid- to late bloom
stages. Conjugated forms of OA were dominant (>70%) in most organisms, except in blenny fish,
Hypleurochilus fissicornis, and polychaetes, Pseudonereis palpata (up to 59.3 and 164.6 μg total OA·Kg−1,
respectively), which contained mostly free-OA throughout the bloom. Although algal toxins are only
regulated in bivalves during toxic blooms in most countries, including Brazil, this study indicates
that human seafood consumers might be exposed to moderate toxin levels from a variety of other
vectors during intense toxic outbreaks.

Keywords: harmful algal bloom; Diarrheic Shellfish Poisoning; okadaic acid; toxin accumulation;
toxin vectors; trophic transfer; Brazil

Key Contribution: A massive toxic bloom of the Dinophysis acuminata complex associated with
salinity stratification; Daily vertical distribution of Dinophysis spp. and Mesodinium cf. rubrum cells,
and toxin in seston; Unprecedentedly high toxin cell quota in D. acuminata complex; Transfer of
lipophilic toxins in the marine food web.
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1. Introduction

The frequency, duration and severity of Dinophysis blooms have increased worldwide over the
past two decades [1], leading to numerous episodes of massive shellfish contamination by lipophilic
toxins in Europe [2,3], Africa [4,5], Asia [6], North America [7], and South America [8–10]. Although
scientific evidence indicates that the increase in harmful algal blooms may be correlated with meso-
and large-scale physico-chemical processes, i.e., artificial eutrophication [11–14], and global climate
change [15,16], possible causes for an apparent increase in Dinophysis blooms are less comprehended.

Neritic and oceanic Dinophysis spp. are frequently observed in offshore waters along the southern
coast of Brazil [17]. In 2007, the first large-scale bloom of Dinophysis acuminata complex ever reported
in this region caused intoxication of at least 170 human consumers of contaminated shellfish (mainly
Perna perna mussels [18,19]) and led managers and regulators to issue a first-time ban for bivalve
mollusk harvesting and commercialization. Recurrent small to medium-scale Dinophysis blooms in
Brazil have been reported along the coasts of Paraná and Santa Catarina states since then [20,21].
In many cases, episodes of bivalve contamination have been reported based on Diarrheic Shellfish
Poisoning (DSP) mouse bioassays [18,22]. Additionally, diarrheic toxins such as okadaic acid (OA)
and their congeners dinophysistoxins (DTXs) have been detected by chemical analytical methods in
plankton and marine fauna [20,22]. The current Brazilian national monitoring program for harmful
algae and phycotoxins uses bivalves (especially brown mussels, Perna perna) as sentinel organisms for
the presence of toxins in shellfish farming areas, and harvesting bans are issue anytime the regulatory
toxin levels are surpassed, i.e., 160 μg·Kg−1 in the case of diarrheic toxins [23].

Dinophysis spp. are a recurrent threat to shellfish aquaculture areas worldwide (reviewed by
Reguera et al., [24]), where bloom initiation depends not only on favorable abiotic conditions, but also
on the availability of ciliate prey [25]. Mixotrophy via the sequestration and retention of plastids
from the ciliate Mesodinium cf. rubrum is now considered a key process enabling the development of
Dinophysis populations both in the laboratory and in the field (e.g., [26,27]). Recent studies have focused
on describing the feeding mechanism of Dinophysis spp., and elucidating the possible ecological roles of
diarrheic toxins and other bioactives produced by the dinoflagellate [27–29]. A number of nutritional
and trophic aspects related to toxic Dinophysis spp. blooms, such as small-scale interactions with
M. cf. rubrum and possibly with other prey items in the field, however, remain unclear.

During Dinophysis blooms, lipophilic toxins can be transferred via several trophic pathways [30].
Toxins can be accumulated not only by bivalves, but also by polychaetes and ascidians [31], fish [32,33],
octopuses [20] and crabs [34,35]. Dinophysis toxins may also be related to the death of monk seals
off the coast of the western Sahara [36], although the implications of toxin incorporation for marine
organisms remain poorly known. An understanding of small-scale trophic relationships underlying
the initiation and development of Dinophysis blooms, as well as the fate of diarrheic toxins in marine
food webs, are essential for the evaluation of their associated risks. The main objectives of this study
are to (a) determine the diel vertical distribution of Dinophysis spp. and their prey in a shallow
inlet, and (b) quantify the levels of lipophilic toxins present in seston and in marine organisms
representative of different trophic levels, during a massive bloom of the Dinophysis acuminata complex
in southern Brazil.

2. Results

2.1. Plankton and Toxins in the Water Column

Depth-averaged water temperature and salinity decreased gradually during the first half of the bloom
period, from 26 May to 3 June, when the minimum salinities were recorded (mean ± standard deviation
(SD) = 24.2 ± 0.55; n = 6). The water temperature continued to decrease thereafter, attaining a minimum
of 16.8 ± 0.1 ◦C on the last sampling day, 16 June (Figure 1A,B). Secchi depth (Figure 1C,D) ranged from
1.8 to 2.8 m during the first half of the bloom and then gradually increased, attaining up to 3.6 m by the
end of bloom. Chlorophyll-a concentrations were relatively low (0.47 ± 0.17 SD mg·m−3) throughout the
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study, and reached a maximum of 1.1 mg·m−3 on 3 June, coinciding with the maximum peak of Dinophysis
abundance. Decreasing concentrations of mean DIN (±SD), especially those of nitrate (2.3 ± 0.9 μM)
and ammonium (2.5 ± 0.7 μM) (Figure 1E), were associated with a concurrent decrease in salinity and
temperature, and an increase in the abundance of M. cf. rubrum. Silicate and phosphate exhibited a marked
increase during later stages of the bloom and attained the highest concentration range (39.6–88.7 μM and
1.3–6.3 μM, respectively) by the end of the study period (Figure 1F).

Figure 1. (A,C,G,I,K) Average values (± standard deviation; n = 6) of depth-discrete measurements,
and (B,D,E,F,H,J,L) single depth-integrated measurements (taken with a hose extending from the surface to
the bottom) for: (A,B) water temperature (◦C) and salinity ; (C,D) Secchi depth (m) and chlorophyll-a
concentration (mg·m−3); (E,F) concentration of dissolved inorganic nutrients (μM); (G,H) numerical
abundance (on log-scale) of dinoflagellates and diatoms (cells·L−1); (I,J) abundance of cryptophyceans
and Mesodinium cf. rubrum (cells·L−1); (K,L) abundance of the Dinophysis acuminata spp. complex (cells·L−1)
and concentration of free okadaic acid (OA) in suspended particulate matter (μg·L−1).
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Diatom abundance remained at low to moderate levels (<9 × 104 cells·L−1) during the first
half of the bloom, rising up to 19 ± 6.2 × 104 cells·L−1 by the end of the sampling period,
when they finally dominated the micro-phytoplankton assemblage (Figure 1H). Dinoflagellates
were detected at cell densities comparable to those of diatoms during the first half of the
study, attaining a maximum of 90 ± 31.9 × 104 cells·L−1 and becoming dominant over
diatoms on 3 June (Figure 1H). Dinophysis species found during this bloom included the
taxonomic complex composed by D. acuminata and D. ovum (referred to as D. acuminata
complex hereafter), and D. caudata. This last species was frequently observed in plankton net
samples during the first half of the bloom, although no cells were detected in most cell counts
(LOD: 50 cells·L−1), except on 28 and 30 May (100 cells·L−1; not shown). The Dinophysis acuminata
complex comprised the most abundant dinoflagellate cells and the main component of the
total micro-phytoplankton assemblage throughout the study. Their depth-averaged cell density
increased from 7.1 ± 13.4 × 104 cells·L−1 on the first sampling day to 18.7 ± 20.1 × 104 cells·L−1

(max. 43 × 104 cells·L−1 at 1.0 m depth) on 3 June (Figure 1K), coinciding with a gradual decrease
in the abundance of the ciliate M. cf. rubrum (Figure 1I). At the beginning of the bloom, average cell
densities of cryptophyceans decreased at a rate comparable to that of M. cf. rubrum, and then increased
slightly by the mid-bloom period, when M. cf. rubrum abundance reached minimum values (Figure 1I).

Water temperature (Kruskal-Wallis test statistic H = 69.4; p = 0.01), Secchi depth (H = 79.0; p = 0.01),
salinity (H = 55.5; p = 0.01) and abundance of diatoms (H = 34.3; p = 0.01) all varied significantly
during the study period. When depth layers were compared over time, however, there was no
detectable difference in water temperature (H = 0.24; p = 0.99) or diatom abundance values (H = 6.6;
p = 0.25) over time at any specific depth. The depth layer marking salinity stratification (H = 14.8;
p = 0.01) ranged from 2 to 3 m over the course of the bloom. Although peaks in the abundance of
targeted taxa were clearly identified in time and space/depth, there were no statistically significant
differences in the cell density of dinoflagellates, cryptophyceans, M. cf. rubrum and the D. acuminata
complex, or in the concentrations of chl-a and OA in SPM over time. Chlorophyll-a concentrations
(H = 45.0; p < 0.01), and the abundance of dinoflagellates (H = 51.7; p < 0.01), cryptophyceans
(H = 56.4; p < 0.01), M. cf. rubrum (H = 31.6; p < 0.01), and the D. acuminata complex (H = 53.4; p < 0.01)
all differed significantly between 0–2 m and 3–5 m depth, with higher values found in the upper water
layer. In general, depth-integrated samples (those taken with a hose extending from surface to bottom),
yielded very similar values to those calculated as the average of depth-discrete measurements, except
for the abundance of cryptophyceans (H = 20.3; p < 0.01), which was typically greater when estimated
from integrated samples (Figure 1I,J).

The onset of the bloom (on 26 May) was marked by pronounced surface stratification in salinity
and water temperatures around 18 ◦C (Figure 2). After 2–3 days, salinity stratification was disrupted
and the temperature increased by 1.0 ◦C, decreasing thereafter to a minimum of 17 ◦C by the 10th day
(4 June), when the water column again became salinity-stratified (Figure 2). Water temperature ranged
from 17 to 19.5 ◦C and salinity from 23 to 29 over time. The relatively high Secchi-depth values
(>2.0 m) obtained during the study indicate that the euphotic zone always reached the bottom in the
sampling area.
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Figure 2. Interpolated depth-discrete measurements of water temperature (◦C), salinity, and chlorophyll
a concentration (mg·m−3), over the course of the study.

Chlorophyll-a concentrations were higher during periods of salinity stratification. Values ≥1.0 mg·m−3

were attained on two occasions, on the 1st and the 9th day of sampling (26 May and 3 June), with a third
peak (>0.6 mg·m−3) a few days later (Figures 1D and 2). In all cases, higher concentrations were
restricted (H = 0.45; p < 0.01) to the surface layer (0–2 m). Likewise, the abundance of the main taxa
investigated–cryptophyceans, M. cf. rubrum and Dinophysis–also varied vertically, exhibiting higher values
in the upper water layer. Maximum values for cryptophyceans and M. cf. rubrum (>500 × 104 and
18 × 104 cell·L−1, respectively) were measured on the first day of sampling. During subsequent days,
their abundance decreased concomitantly with a rapid increase of the D. acuminata complex cell density,
reaching >20 × 104 cells·L−1 on 29 May and >40 × 104 cells·L−1 on 3 June, one week following the
initial peak in M. cf. rubrum abundance (Figure 3), and coincident with the second episode of salinity
stratification. Higher cell abundances of the D. acuminata complex were restricted to the surface layer (>2 m),
where concentrations of free-OA >600μg·L−1 were simultaneously detected in the SPM (>0.45-μm particles).
During the period of maximum dinoflagellate cell density, the OA cellular quota, as measured from
individually-picked cells of the D. acuminata complex ranged from 48 ± 31 SD pg·cells−1 (n = 137–208 cells
per sample) on 2 June to 143 ± 93 pg·cell−1 (n = 141–220) on 3 June.
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Figure 3. Depth profile of the cell abundance of the main plankton taxonomic groups (cell·L−1 × 104)
(top three panels) and the concentration of okadaic acid (μg·L−1) in suspended particulate matter
(bottom panel) during the study period.

2.2. Diarrheic Toxins in Marine Fauna

All selected marine faunal components accumulated detectable OA levels during the study.
Toxin levels were directly associated with the presence of D. acuminata complex cells in the
water column; maximum values depended on the species and trophic position of the organisms.
Suspension-feeding mussels and barnacles were the first to accumulate detectable levels of OA in
their tissues and the only ones to contain detectable toxin levels during the entire sampling period.
Mussels accumulated the highest OA concentrations among all organisms analyzed, with toxin levels
gradually increasing following an increase in cell density of the D. acuminata complex. They attained
a maximum of 549.6 μg total OA·Kg−1 (wet tissue weight) on 4 June (Figure 4), only one day after
the peak abundance of the dinoflagellate. Polychaete worms (max. = 164.5 μg total OA·Kg−1),
amphipods (max. = 153.7 μg total OA·Kg−1) and gastropods (max. = 111.6 μg total OA·Kg−1) also
retained relatively high toxin amounts, but not before the mid-bloom stage. Amphipods and to
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some extent fish (max. = 56.2 μg total OA·Kg−1), remained contaminated for shorter periods,
i.e., only when OA concentrations in the SPM were maximal (early to mid-bloom period). In contrast,
gastropods, polychaetes, crabs (max. = 33.3 μg total OA·Kg−1) and shrimp (max. = 7.2 μg total
OA·Kg−1) accumulated detectable toxin levels from the mid- to late bloom stage, after OA peaked in
suspension (Figure 4).

Figure 4. Concentration of okadaic acid (OA, μg·kg−1), in its free (black bars) and conjugated (gray
bars) forms, accumulated in different marine organisms during the bloom of the Dinophysis acuminata
spp. complex. Dashes above the composite bars denote the sampling dates when each marine organism
was available.

Fish and polychaetes accumulated the greatest proportions of OA in its free form. The proportion
of free-OA was slightly higher in fish (54 ± 7%) at the peak of the bloom, but still did not match that of
polychaetes (64 ± 5%). The latter seemed to possess the least efficient detoxification mechanism, given
the high proportions of free-OA and the constantly increasing total OA levels measured (Figure 4).
Conversely, the conjugated forms of OA were dominant in all other organisms, including barnacles
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(76 ± 7% SD), shrimp (79 ± 5%), amphipods (87 ± 5%), crabs (90 ± 7%), mussels (94 ± 2%) and
gastropods, which never accumulated detectable levels of free-OA (i.e., exhibited 100% of OA as
conjugated forms).

2.3. Correlations

As assessed by principal component analysis, salinity was strongly and inversely correlated with
both the abundance of the D. acuminata complex and the concentration of OA in suspension (Figure 5).
This grouping was also inversely, but less obviously associated with ammonium concentration and the
abundance of cryptophyceans, and even less obviously with Secchi depth, phosphate concentration
and the abundance of diatoms (Figure 5). These last three variables, as well as the concentration of
silicate, were inversely correlated to M. cf. rubrum abundance, which, in turn, was strongly and directly
associated with the abundance of cryptophyceans and the concentrations of nitrite and nitrate.

Figure 5. Principal Component Analysis (PCA) of discrete-depth measurements of the following
variables: water temperature (WT), Salinity (Sal), Transparency (Secchi depth), Chlorophyll-a (chl-a),
Diatoms (Diatoms), Dinoflagellates (Dinofl), Cryptophyceans (Cripto), total micro-phytoplankton (Fito
Total), Mesodinium cf. rubrum (M. cf. rubrum), D. acuminata complex (D. acumi), free okadaic acid (AO_f),
Phosphate (PO4), Nitrate (NO3), Nitrite (NO2), Ammonium (NH4), and Silicate (Si) concentrations.

3. Discussion

3.1. Bloom Development and Trophic Relationships

In late May 2016, an episode of marked salinity stratification was associated with the onset of
what can be considered the most intense bloom of the Dinophysis acuminata complex ever recorded
along the Brazilian coast. The bloom only lasted for a few weeks along the coast of Santa Catarina
State. It was then transported northward to Paraná State, where it reached even higher cell densities,
causing massive contamination of marine fauna and intoxication of human seafood consumers [37].
Although results of the present study indicated that bivalves were also contaminated with unsafe OA
levels in Santa Catarina, actions taken in the context of the local HAB monitoring and management
program prevented cases of intoxication in this region. More importantly, however, the present study
also documents the accumulation of diarrheic toxins in several other marine organisms associated with
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farmed mussels, some of them for the first time, indicating that multiple toxin vectors and transfer
routes should be considered during massive Dinophysis blooms.

Blooms of Dinophysis spp. are usually associated with marked thermohaline stratification of the
water column [10,38–40]. The ciliate prey of Dinophysis spp., frequently reported as Mesodinium rubrum,
usually benefits from vertical water stratification as well [41,42], although blooms of the ciliate may
also occur along horizontal thermohaline gradients in shallow estuaries [43].

About one week preceding the maximum Dinophysis cell density recorded in Armação do
Itapocoroy inlet during this study, high abundances of M. cf. rubrum and their cryptophycean prey
(105 to 106 cells·L−1, respectively) were observed in the upper water layer associated with lower
salinities and strong stratification at 2 m depth. On the following 4–5 days, the abundance of
cryptophyceans decreased rapidly, followed by a more gradual decrease in M. cf. rubrum cell density,
as the abundance of cells belonging to the D. acuminata complex began to increase in the same surface
layer. One week later, a second cryptophycean-ciliate-Dinophysis succession cycle occurred once water
became stratified again. Although daily variations in the abundance of these three taxa may be partially
linked to local advection, what was not the subject of this study; the succession pattern reported herein
confirms that the trophic relationships documented in prior laboratory observations [27,28,44–46] may
also occur on a similar temporal scale under natural field conditions and sustain massive blooms
of the toxic dinoflagellate. On other occasions (i.e., under lower availability of M. cf. rubrum cells),
alternative prey items may provide Dinophysis spp. with an additional source of nutrients, as suggested
for D. caudata preying upon the benthic ciliate Mesodinium coatsi [47].

The development of Dinophysis blooms in other geographical areas may also be linked to the
intrusion of less saline water masses and/or to disturbances in physico-chemical water column
structure, although the underlying processes might be different and sometimes occur on a wider
spatio-temporal scale. Blooms may thus be either associated to upwelling, as verified in Sweden [48],
Galicia (Spain) and Portugal [25], or to river plumes, as found in Tunisia [40] and Scotland [3]. They may
also be associated with seasonal changes in wind patterns and the precipitation regime such as those
recorded in Ireland [49], Greece [50] and Argentina [9,51]. On the eastern coast of South America,
the water mass associated with the La Plata River plume promotes important large-scale changes in the
physico-chemical characteristics of the water column along the coasts of NE Argentina, Uruguay and
southern Brazil during fall and winter [52,53], when massive Dinophysis blooms are usually observed
in this region [54,55]. This suggests that the La Plata water plume (PWP) may be one of the main factors
controlling the development of large-scale Dinophysis blooms in southwestern Atlantic coastal waters.

Chlorophyll-a concentrations did not vary substantially over time in the present study, and did
not attain values exceeding the historical average for the region [56,57]. This could be explained
by the uncommon prevailing phytoplankton succession, whereby one dominant taxon preys upon
and acquires the plastids (and the pigments) from its precursor, rather than synthesizing its own
pigment quota during a gradual competitive exclusion process. Whereas phosphate concentrations
remained relatively high and even increased during the final bloom stage, those of dissolved nitrogen
compounds, notably ammonium and nitrate, decreased over the course of the bloom, especially during
the period of maximum cell abundance of the D. acuminata complex.

Both water sampling strategies used in this study (single integrated samples and multiple
depth-discrete sampling) allowed adequate tracking of bloom development, yielding similar abundance
values for both the toxic dinoflagellate and its prey, M. cf. rubrum. Therefore, as demonstrated in other
areas such as Spain [58], depth-integrated sampling, undertaken with a hose extending from the surface
to the bottom, provided a rapid and reliable early-warning tool in HAB monitoring and risk assessment
in shallow waters affected by Dinophysis blooms along the southern coast of Brazil. However, special
attention is required when applying the technique to ecological studies, as the abundance of cryptophyceans
and perhaps other small-celled algal groups can be underestimated. Likewise, vertical migration and
cell aggregation processes can be missed as a result of the “diluting” effect introduced by this sampling
strategy. More importantly, adoption of Dinophysis cell abundance as early warning for DSP should be
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used conservatively, i.e., the threshold value should be kept cautiously low when integrated samples are
used in HAB monitoring programs. One of the main ecological features of Dinophysis cells is their ability to
aggregate in thin water layers, as reported in this and other studies [59], such that toxin food web transfer
may be heterogeneous throughout the water column.

3.2. Fate of Diarrheic Toxins during the Bloom

Cells of the D. acuminata complex contained exclusively OA during the bloom described in this study,
contrasting with a more complex toxin profile reported during previous blooms in Argentina [10,60] and
Chile [61], where D. acuminata and D. tripos, the species involved in the blooms, produced pectenotoxin-2
(PTX-2) and DTX-1 in addition to OA. It is noteworthy that DTX-1 has been reported in different southern
Brazilian estuaries when lower Dinophysis spp. cell abundances (<2 × 104 cell·L−1) occur, but rarely
when only cells of the D. acuminata complex are detected, in which case OA usually becomes the single
diarrheic toxin present [32]. Similarly, in late summer 2015, one year before the event reported in this
study, an extremely dense bloom of the Dinophysis acuminata complex affected the coast of Uruguay and
only OA was detected by LC-MS/MS [32]. This further suggests that there may be interconnectivity
between Uruguayan and southern Brazilian populations of the D. acuminata complex, perhaps driven by
the northward transport of PWP from late summer to winter. This possibility remains to be addressed in
future studies.

All marine organisms collected in the upper water layer (0–1 m) at the sampling site were
consistently contaminated with varying amounts of OA. This is the first record of diarrheic toxin
accumulation in amphipods (Caprellidae), shrimp (X. kroyeri), Nereidae polychaetes and blenny
fish (Blenniedae). The only previous records of OA content in fish included carnivorous flounders,
Platichthys flesus [33], and filter-feeding anchovies, Cetengraulis edentulus [32]. Results of the present
study demonstrated that the combtooth blenny, Hypleurochilus fissicornis, can accumulate moderate
OA levels in their viscera during Dinophysis blooms, but are able to rapidly eliminate the toxin.
Therefore, this fish species may act as a temporary vector of diarrheic toxins for other species,
including commercially important species of Serranidae and Lutjanidae, which prey upon small fish
like blennies [62]. Hypleurochilus fissicornis is widely distributed in the southwest Atlantic; adults feed
primarily on isopods and amphipods [63], that were likely an important–although probably not the
sole–toxin source for the fish during the bloom, as the peak in OA levels occurred later for amphipods
than for H. fissicornis in the present study. Amphipods accumulated relatively high OA levels (up to
~150 μg OA·Kg−1) at the peak of the bloom. Although most amphipods are detritivores/scavengers,
caprellids such as the ones sampled in our study are omnivorous and may feed not only on detritus,
but also on microalgae, protozoans, smaller amphipods and crustacean larvae [64]. Caprellids are
frequent and abundant organisms associated with suspended mussel farms, living on substrates such
as mussel sleeves and ropes, and may thus be important toxin vectors to several organisms that search
for shelter and food within the mussel longlines in aquaculture areas.

Mussels accumulated the greatest OA levels during the bloom, exceeding by 4-fold the
160-μg·Kg−1 Brazilian regulatory seafood safety level [65]. Perna perna mussels are the sentinel species
in HAB monitoring programs in Brazil and, like other mussel species, are able to rapidly incorporate
high levels of several marine biotoxins and contaminants [66–70]. Indeed, along with barnacles,
mussels were the only organisms exhibiting detectable OA levels during the entire sampling period.
They consistently and promptly reflected the abundance of the D. acuminata complex (i.e., they attained
maximum OA levels only one day after the peak in cell abundance). Considering the high Dinophysis
cell abundance reported during this bloom, however, OA levels in P. perna were not as high as
expected, what may be related to its fast toxin elimination rates as reported in previous laboratory
experiments [21]. Besides mussels, non-edible polychaetes (P. palpata) and amphipods were the only
organisms to accumulate total OA levels approaching or surpassing this regulatory level in the present
study. Toxin contents in barnacles were 8 to 48 × lower–and less clearly related to Dinophysis cell
density–than those of mussels. Barnacles colonize hard substrates, rocks, bivalve shells and mooring
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structures, living in clusters of around a dozen individuals that actively capture food particles from
the surrounding water [71]. In the present study, barnacles were collected from the shells of the
same mussels sampled for OA analysis, so that the differential toxin accumulation reported here
for these two suspension-feeding taxa can only be attributed to distinct feeding mechanisms and
toxin uptake/elimination capacity. The consistently greater proportions of conjugated OA in mussels
(>90%) reflect their efficient mechanisms of toxin metabolism and elimination. Likewise, Caprellidae
amphipods, small crabs (P. spinosissimus), shrimp (X. kroyeri) may have ingested toxins from the
grazers or their organic matter produced [72,73], and carnivorous gastropods (S. haemastoma) also
accumulated very limited to undetectable free-OA levels. This finding at least partly suggests that
these organisms ingested already metabolized (i.e., conjugated) toxin, either incorporated into mussel
and barnacle tissues (gastropods, shrimp and crabs) or from detrital origin (in the case of amphipods
and crabs). High toxin levels were found in seston during this study and in particles >60 μm (L. Mafra,
unpublished data), suggesting that not only Dinophysis cells but also toxin-containing organic particles
and zooplankton organisms may contribute to the transfer of diarrheic toxins along the foodweb.
Therefore, although zooplankton (e.g., copepods) may exert significant grazing impact and contribute
considerably to control population growth of Dinophysis spp. [74], contaminated individuals will act as
vectors of DSP-toxins to higher trophic levels.

Transfer of lipophilic toxins in the marine food web is still poorly understood. Although they
represent only a small fraction of the sinking organic material, zooplankters such as the copepod
Temora longicornis, might contribute in maintaining toxin availability for other organisms via production
of toxic faecal pellets following ingestion of Dinophysis cells [73]. Inter- and intraspecific differences
in the capacity of uptake and elimination of phycotoxins, as reported for suspension-feeding grazers
such as oysters, clams and mussels [21,75–77], may ultimately determine the bioavailability of these
compounds for other organisms during and after a bloom. In this study, polychaetes, which exhibited
the highest proportions of free-OA and whose total OA levels continued to increase through the
end of the sampling period, proved to be slow in eliminating OA. They may thus be an important
toxin vector during late bloom stages, by prolonging toxin availability in the trophic web even after
bloom termination.

To date, potential vectors of diarrheic toxins to human consumers have been restricted to several
bivalve species (reviewed by FAO/WHO [78]), a couple of fish species [32,33], octopuses [20] and
crabs [34,35]. The present study indicates that seabob shrimp (X. kroyeri) can represent a novel vector for
toxin transfer to humans during massive dinoflagellate blooms. Although these shrimp accumulated
the lowest OA levels (≤7 μg·Kg−1) of all investigated faunal species and thus cannot be classified
as a risk for acute food intoxication among seafood consumers, frequent consumers of this valuable
fishery resource may be chronically exposed to low toxin levels during prolonged blooms. Seabob
shrimp catches may reach 170 tons per year only in the Armação do Itapocoroy area [79], our study
site, and the seabob shrimp fishing season coincides with the usual period of Dinophysis blooms in
southern Brazil (winter to spring; [80]). Additionally, shrimp and, to some extent crabs and blenny
fish, are highly motile. Their frequent vertical migration throughout the water column or on mussel
ropes and sleeves may thus help to accelerate toxin transfer from pelagic to benthic compartments,
and to spread diarrheic toxins over a more complex trophic web.

4. Materials and Methods

4.1. Study Area

Armação do Itapocoroy is a shallow [mean depth = 8 m; maximum (max.) = 15 m] inlet in
Santa Catarina State, southern Brazil (26◦47′ S, 48◦37′ W). Surrounded by hills (up to 250 m high),
its geographic SE-NE orientation provides natural shelter from prevailing waves and winds, especially
the stronger ones coming from the south. Due to these favorable attributes, Armação do Itapocoroy
(Figure 6) harbors the major marine aquaculture (~360 hectares) operations in the country, mainly used

169



Toxins 2018, 10, 232

for the cultivation of mussels, but also of oysters and scallops. The location experiences semi-diurnal,
micro-tidal cycles and is affected by the Itajaí-Açu River plume, that maintains high levels of local
primary production and brings high loads of suspended particulate matter (SPM) mainly during rainy
periods such as the austral summer (December–March) [81–83].

Figure 6. Map showing the location of the study area, Armação do Itapocoroy inlet (triangle in (B)),
on the southern coast of Brazil (rectangle in (A)). A schematic representation of the prevailing direction
and influence area of the Itajaí-Açu River plume is also presented, based on Trochimczuk-Fo and
Schettini (2003) [83].

4.2. Sampling Design

An intensive sampling effort was conducted between late May and mid-June 2016, when the
Santa Catarina coastal zone was affected by a dense Dinophysis bloom. Seawater sampling was carried
out from a floating platform, anchored at a depth of 4.5 ± 0.5 m and deployed 200 m from the low tide
level. Samples (~1.5 L) were taken every meter along a vertical profile, from the surface to the bottom,
using an EN-470 manual diaphragm pump (Emifran®, São Paulo, SP, Brazil) equipped with anti-reflux
valves and coupled to a 20 mm-diameter hose. Daily samples were taken over 12 days, followed
by two sampling operations after 3- and 10-day intervals of the 12th sampling day. Additionally,
single depth-integrated water samples (2.0 L) were taken with a 5 m long hose, to compare the efficiency
of both sampling strategies for monitoring of extreme bloom events. Plankton net (20-μm mesh size)
samples were also collected, and water temperature and salinity were measured along a vertical
profile, at 0.5 m intervals from surface to bottom, using a multiparameter YSI Professional Plus probe.
Secchi depth was used to estimate water column light penetration or transparency.

In parallel, bivalve mollusks (Perna perna; n > 5), gastropods (Stramonita haemastoma; n > 2),
barnacles (Megabalanus tintinnabulum; n > 10), amphipods (Caprellidae; ~10 g of wet weight), crabs
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(Pilumnus spinosissimus; n > 3), shrimp (Xiphopenaeus kroyeri; n > 5), polychaetes (Pseudonereis palpate;
n > 3) and fish (Hypleurochilus fissicornis–Blenniidae; n > 2) were manually collected from raft mooring
cables at 0–1 m depth, for quantification of the toxin levels incorporated in their tissues. The species
collected and sampling frequency depended on their availability in the environment during the study
period. Whenever possible, at least two individuals of each species were collected, packed in 50 mL
plastic tubes and immediately immersed in an ice bath until return to the laboratory. Before freezing,
soft tissues of mussels, barnacles and gastropods were removed from their shells. Fish muscles (flesh)
and viscera were dissected and individually stored at −18 ◦C. The remaining organisms were frozen
and analyzed whole.

4.3. Processing of Samples

Water samples: Aliquots (300 mL) of both depth-discrete and integrated samples were fixed with
1% Lugol’s iodine solution, and used for quantitative phytoplankton analysis. Plankton net samples,
fixed with a 4% formalin solution (final concentration), were used for analysis of cell morphology
and phytoplankton identification. In the laboratory, additional 300 mL aliquots of each sample were
gently vacuum-filtered in duplicate and immediately frozen. One fiberglass filter (Marcherey-Nagel®,
Düren, Germany, model 85/70BF; 47 mm diameter and 0.45 μm nominal retention capacity) was
allocated for the analysis of photosynthetic pigments, and the second one to determine the amount
of lipophilic toxins contained in SPM. In an ice bath, each filter sample was soaked in HPLC grade
methanol (99.5%) and exposed to an ultra-sonic probe (Cole Parmer, Vernon Hills, IL, USA, CPX130)
for 30 s. The extract was then passed through a 13 mm × 0.22 μm PVDF syringe filter (Analitica®,
São Paulo, SP, Brazil) to remove any cell debris, and the filtrate collected into plastic microtubes
(1.5 mL), which were maintained frozen. Aliquots (400 mL) of the filtrate from depth-integrated
samples collected from 1 May on were stored frozen in plastic bottles for future spectrophotometric
determination of dissolved inorganic nutrient (DIN) concentrations.

Samples of marine fauna: The protocol for toxin extraction was adapted from the official analytical
method harmonized by the European Union [84]. Methanol (99.5%; HPLC grade) was added in the ratio
of 1:9 (v:v) to 1.0 ± 0.5 g of homogenate from selected tissues or whole body, exposed to an ultra-sonic
probe (Cole Parmer, CPX130) until complete tissue disruption, and centrifuged at 2000× g for 10 min.
The supernatant was filtered through a 0.22-μm syringe filter directly into a 2.0 mL glass vial, and kept
frozen for the analysis of diarrheic toxins in their free form. Subsequently, 1 mL aliquots of the extract
were subjected to alkaline hydrolysis by the addition of 2.5 M sodium hydroxide in a 76 ◦C thermal bath
for 40 min, followed by the addition of 2.5 M hydrochloric acid to neutralize the solution and convert
the conjugated (metabolized) toxins into their free toxin forms. The amount of conjugated toxins was
obtained by subtracting the concentration of free toxins initially measured in the non-hydrolyzed
extract from the total concentration of toxins obtained in the hydrolyzed extract.

4.4. Phytoplankton Identification and Enumeration

Counting of Dinophysis spp. and M. cf. rubrum cells was performed using a 20 mL aliquot of the
Lugol-fixed sample, after settling the particles for 24 h in a Utermöhl chamber [85]. Cell counting
was then performed by scanning the whole chamber under an inverted optical microscope at
200× magnification (limit of detection, LOD: 50 cell·L−1). Other phytoplankton groups (total
cryptophytes, diatoms, and dinoflagellates) were quantified in volumes ranging from 10 to 20 mL
(depending on sample turbidity) by counting all cells contained in 5–10 random microscope fields
of view (LOD: 2100–8400 cell·L−1) after 24-h settlement. Additionally, a minimum of 100 cells of
Dinophysis spp. were picked with a micropipette from in natura plankton net samples at the bloom
apex (2 and 3 June; n = 5 samples each day), and placed into 1.5 mL plastic microtubes containing
methanol 99.5% (HPLC grade) for determination of the toxin cellular quota.
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4.5. Spectrophotometric Analysis of Dissolved Inorganic Nutrients

Aliquots (25 mL) of the filtrate samples were used to determine the concentrations of phosphate
(P-PO4

3−), nitrite (N-NO2
−), nitrate (N-NO3

−), ammonium (N-NH4
+), and silicate (SiO2

−) using
colorimetric methods [86]. The concentrations were determined from a linear regression obtained from
successive dilutions of the respective analytical standards (coefficient of determination, r2 > 0.90).

4.6. Analysis of Photosynthetic Pigments by LC-DAD

The methanolic extracts were injected (100 μL) into a Chromaster liquid chromatography
(LC) system (Hitachi®, Tokyo, Japan), composed of a quaternary gradient pump, an automatic
thermostat injector, a column oven (set at 40 ◦C) and a photodiode detector (DAD). Samples were
eluted in a mixture of (A) methanol:acetone:pyridine (50:25:25) and (B) acetonitrile:acetone (80:20),
at 1.0 mL·min−1. The proportion of B increased from 0 to 40% in 18 min, and then to 100% within
the following 4 min of analysis, remaining at 100% for an extra 16 min before returning to the
initial conditions (0% B) for an additional 2 min period (40 min in total). Pigment identification was
performed by evaluating retention times after the chromatographic separation in a Waters Symmetry®

C8 column (150 × 4.6 mm, 3.5 μm particles), as well as the absorbance spectrum (350–750 nm scan),
following methods of Zapata et al. [87]. The chlorophyll-a (chl-a) concentration was calculated using
a linear regression obtained from successive dilutions of the analytical standard (Sigma-Aldrich,
Saint Louis, MO, USA) (0.78, 1.56, 3.12, 6.25, 12.50, and 25.00 ng·mL−1) with r2 > 0.98.

4.7. Analysis of Diarrheic Toxins by LC-MS/MS

Toxins were measured using a 1260 LC system (Agilent Technologies®, Santa Clara, CA, USA)
coupled to a triple quadrupole mass spectrometer, MS (AB Sciex®, Framingham, MA, USA, qTRAP
3200) equipped with a turbo ion spray ionization source, following the EURLMB protocol [84].
Briefly, 5 to 15 μL of each sample were eluted by the mobile phase, consisting of a mixture of
(A) 100% ultra-pure water and (B) 95% acetonitrile, both with the addition of ammonium formate
(2 mM) and formic acid (50 mM). At a 0.3 mL·min−1 flow rate, the initial proportion of 80:20% (A:B)
increased to 100% B during the first 8 min of analysis, thus remaining for 3.5 min, and returning to
the initial condition by the end of the analysis (13 min). Compounds were separated on a C18 column
(Agilent Poroshell®, Santa Clara, CA, USA, 50 × 2.1 mm, 2.7 μm particles), maintained at 20 ◦C.
Identification of individual toxins was achieved from their retention time and the mass spectra
of the transition ions present in the samples in relation to the same parameters obtained for the
analytical standards. High-purity nitrogen, heated up to 500 ◦C, was used as the nebulizing gas.
The electron spray (ESI) ion source operated in negative mode, and toxins were scanned for transition
ions (Q1 → Q3) of characteristic mass/charge (m/z) ratios. Optimized MS parameters were selected
for each toxin of interest (Table 1).

Table 1. Conditions of the tandem mass spectrometry system (MS/MS). Q1: quadrupole 1, Q3: quadrupole 3,
DP: declustering potential, EP: entrance potential, CEP: collision cell entrance potential, CE: collision energy
and CXP: collision cell exit potential.

Toxins Q1 (m/z) Q3 (m/z) DP (v) EP (v) CEP (v) CE (v) CXP (v)

OA 803.5 255.0 −129 −10 −40.1 −82 −2
OA 803.5 113.0 −129 −10 −41.5 −64 −2

DTX-2 803.5 255.0 −129 −10 −40.6 −64 −2
DTX-2 803.5 113.0 −129 −10 −41.5 −84 −2
DTX-1 817.5 255.0 −129 −10 −41.5 −62 −2
DTX-1 817.5 113.0 −120 −10 −51.7 −82 −2
DTX-3 1041.6 255.0 −129 −10 −47.9 −76 −2
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Toxin quantification was carried out using an external standard from a calibration curve generated
with certified reference material (IMB-NRC, Canada) dissolved in methanol for OA, and in mussel tissue
matrix (CRM-DSP-Mus-b) for DTX-1. Quantification of OA was based on the equation obtained by fitting
a linear regression (r2 > 0.95) to the following concentrations: 3.49, 13.96, 55.86, and 223.44 ng·mL−1.

4.8. Data Analysis

Graphs were constructed in SigmaPlot® v11.0 (Systat Software Inc., London, UK), using the
statistical package for preliminary analysis. Data were statistically analyzed with R studio software [88],
using the Kruskal-Wallis non-parametric test (H) followed by the Dunn test (with the software package
dunn.test; [89]) for comparative analyses within and among water column depths, between discrete
and integrated samples, and for analysis of temporal variation. Principal components analysis (PCA)
(with the FactoMiner package; [90]) allowed quantification of the degree of association among water
temperature, Secchi depth, salinity, numerical abundance of main taxonomic groups, concentration of
dissolved inorganic nutrients and seston toxin content.
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Abstract: The physiological and toxicological characteristics of Dinophysis acuminata have been
increasingly studied in an attempt to better understand and predict diarrhetic shellfish poisoning
(DSP) events worldwide. Recent work has identified prey quantity, organic nitrogen, and ammonium
as likely contributors to increased Dinophysis growth rates and/or toxicity. Further research is now
needed to better understand the interplay between these factors, for example, how inorganic and
organic compounds interact with prey and a variety of Dinophysis species and/or strains. In this study,
the exudate of ciliate prey and cryptophytes were investigated for an ability to support D. acuminata
growth and toxin production in the presence and absence of prey, i.e., during mixotrophic and
phototrophic growth respectively. A series of culturing experiments demonstrated that the addition of
ciliate lysate led to faster dinoflagellate growth rates (0.25 ± 0.002/d) in predator-prey co-incubations
than in treatments containing (1) similar levels of prey but without lysate (0.21 ± 0.003/d), (2) ciliate
lysate but no live prey (0.12 ± 0.004/d), or (3) monocultures of D. acuminata without ciliate lysate
or live prey (0.01 ± 0.007/d). The addition of ciliate lysate to co-incubations also resulted in
maximum toxin quotas and extracellular concentrations of okadaic acid (OA, 0.11 ± 0.01 pg/cell;
1.37 ± 0.10 ng/mL) and dinophysistoxin-1 (DTX1, 0.20 ± 0.02 pg/cell; 1.27 ± 0.10 ng/mL),
and significantly greater total DSP toxin concentrations (intracellular + extracellular). Pectenotoxin-2
values, intracellular or extracellular, did not show a clear trend across the treatments. The addition of
cryptophyte lysate or whole cells, however, did not support dinoflagellate cell division. Together
these data demonstrate that while certain growth was observed when only lysate was added,
the benefits to Dinophysis were maximized when ciliate lysate was added with the ciliate inoculum
(i.e., during mixotrophic growth). Extrapolating to the field, these culturing studies suggest that
the presence of ciliate exudate during co-occurring dinoflagellate-ciliate blooms may indirectly
and directly exacerbate D. acuminata abundance and toxigenicity. More research is required,
however, to understand what direct or indirect mechanisms control the predator-prey dynamic
and what component(s) of ciliate lysate are being utilized by the dinoflagellate or other organisms
(e.g., ciliate or bacteria) in the culture if predictive capabilities are to be developed and management
strategies created.

Keywords: Dinophysis acuminata; Mesodinium rubrum; lysate; organic matter; diarrhetic shellfish
poisoning; okadaic acid; dinophysistoxin; pectenotoxins

Key Contribution: The addition of ciliate lysate, but not cryptophyte lysate, to co-incubations led to
increased Dinophysis growth rate and biomass, maximum DSP toxin quotas and extracellular toxin
concentrations, and significantly greater total DSP toxins.
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1. Introduction

The dinoflagellate Dinophysis spp. has been associated with diarrhetic shellfish poisoning (DSP)
events worldwide due to human exposure to the toxin okadaic acid (OA) and its derivatives,
dinophysistoxins (DTXs) [1,2]. These lipophilic compounds can accumulate in filter-feeding bivalves
and adversely affect humans and other animal consumers. As strong inhibitors of serine and threonine
protein phosphatases, DSP toxins can promote potent tumors [3], induce intestinal distress such as
vomiting and diarrhea [2,4], and limit the growth of phytoplankton competitors [5,6]. Many toxigenic
Dinophysis spp. also synthesize pectenotoxins (PTXs), a class of bioactive, polyether lactones. While not
a contributor to DSP, some pectenotoxins are acutely toxic to vertebrate models via intraperitoneal
injection [7,8], and therefore, the toxin class is regulated in the European Union [9].

With the threat of DSP appearing to be on a rise globally and emerging in new regions, e.g., U.S.
coastlines, investigations into the possible drivers of Dinophysis spp. growth and toxin production
have become a growing area of research in the last decade. This important work was made possible
through the revolutionary discovery by Park et al. [10]: to grow in culture, Dinophysis spp. must be
fed ciliates, Mesodinium rubrum, that previously grazed upon cryptophytes of the Teleaulax/Geminigera
clade [11]. Molecular evidence supports the need for this multi-stage culturing scheme, as Dinophysis
and Mesodinium plastids have been shown to originate from cryptophytes [12–16] and Dinophysis
cells have been found in the field to concurrently contain plastids originating from different strains of
cryptophyte [17]. More specifically, ciliates of the genus Mesodinium capture, sequester, and regulate
the nuclear genome of its cryptophyte prey [11,15,16], after which, Dinophysis consumes the plastids in
the ciliates by kleptoplasty via a peduncle. Stemming from this advancement in culturing, numerous
D. acuminata isolates [10,18–26] and isolates of other Dinophysis spp. [21,27–31] have been successfully
established, allowing now for comparisons between geographical strains and species.

Prior to the multi-stage culturing technique put forth by Park et al. [10], however, multiple types
of organic material, in both dissolved and particulate form, were trialed in an attempt to culture
Dinophysis as a monoculture, including dissolved organic materials (soil extract, humic acid, dextrans,
urea, glutamic acid, hypoxanthine, gibberellic acid, indol acetic acid, kinetin, polyamines, lectins
of Phaseolus and porcine blood platelets) [32], and live prey (bacteria, pico- and nanoplankton, and
yeast) [33]. None of these trials with organic materials supported Dinophysis spp. growth enough to
allow for successful isolation of the genera and the establishment of cultures, leading to the assumption
that Dinophysis could not directly utilize organic compounds.

Recent studies with isolates, however, demonstrate that a variety of organic materials, and some
inorganics, may benefit Dinophysis by indirectly or directly supporting growth and/or toxin production.
Toxin production, but not growth, increased when a non-axenic monoculture of D. acuminata was
supplemented with lysed ciliates and cell debris during a preliminary study [21], and D. acuminata
growth in monocultures and predator-prey co-incubations was enhanced with the addition of urea,
glutamine, or waste water organic matter [24]. With respect to inorganic nutrients, three recent studies
have confirmed that D. acuminata does not readily utilize nitrate to support growth [24,34,35] or toxin
production [34,35], but that the ciliate prey rapidly assimilates nitrate to promote its own division,
thereby indirectly supporting D. acuminata [35]. Ammonium, interestingly, was shown to likely play
a direct role in D. acuminata growth, bloom development, and toxin production, through uptake of
this inorganic compound by the dinoflagellate [24,34,36,37]. What’s improved in these later culturing
studies, as compared to Nagai et al. [21], is that compounds of interest were added to Dinophysis
with and without prey as a food source, examining therefore, growth and toxin production during
mixotrophic and phototrophic growth.

By including prey in a treatment with possible nutrient sources, additional questions can be asked
regarding the combined roles of ciliates and nutrients in dinoflagellate growth and toxin production.
More specifically, a pairing of prey cells and prey exudate or lysate seems more environmentally
relevant than testing in solidarity, as the two are likely found in conjunction within a system.
Co-occurrence of cells and released internal components, for example, may occur throughout a bloom,
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due to such processes as sloppy feeding or cell division; however, the presence of these compounds
likely increases in the surrounding waters near the termination of a ciliate bloom when cells may be
experiencing aging and membrane permeability, parasitic lysis, or cell death. This progression has
been demonstrated in the laboratory for endotoxins OA and DTX1 [21,38]. Additionally, ciliates should
be considered in this relationship as laboratory studies [10,39–41] have indicated prey abundance
as an important controller of Dinophysis growth and/or toxin production, and Dinophysis spp. have
been found to bloom immediately after and co-occur with ciliate prey in the field [42], suggesting
that factors controlling ciliate abundance and distribution are important to down-stream DSP events.
Further research is now needed to further understand how inorganic and organic compounds interact
with prey and a variety of Dinophysis spp. and isolates if predictive capabilities are to be developed
and management strategies created.

Building on a previous study [21], mixotrophic D. acuminata was investigated for its ability to
utilize organic material released from the ciliate, M. rubrum in the presence or absence of the ciliate as
a food source, i.e., during mixotrophic vs. phototrophic growth, respectively. We supplemented
a D. acuminata culture, comprising of f/6-Si medium [43], with ciliate lysate (derived from
probe-sonification of ciliate culture), ciliate lysate and live ciliates, or live ciliates alone at two initial
cell concentrations (Table 1). To determine if any measured effect on D. acuminata growth or toxin
production was unique to the ciliate lysate, we also amended D. acuminata culture with cryptophyte
lysate or live cryptophytes. All treatments were compared to a monoculture control of D. acuminata
with no organic amendments, and cultures of D. acuminata were starved, in the light, for two weeks
before the experiment to ensure that any responses measured in the dinoflagellate were due to the
amendments, and not sustained growth or divisions using internal reserves. While the main objective
of this study was to begin investigating, in the laboratory, if organic matter derived from a co-occurring
bloom of ciliates could support Dinophysis growth and toxin production either directly or indirectly,
the information may also have implications for future D. acuminata isolation attempts. If lysate,
for example, promotes D. acuminata growth, then this may be a mechanism to increase the likelihood
of isolation success.

Table 1. Prey, lysate, or a mixture of the two were provided as nourishment during culturing
experiments with a Dinophysis acuminata isolate after dinoflagellates were starved for two weeks
in the light. Treatments included the addition of live prey and/or probe-sonified lysate of the ciliate,
Mesodinium rubrum, delivered at two initial cell concentrations or equivalents (eq.). The cryptophyte,
Teleaulax amphioxeia, was also provided in two treatments: live prey or lysate. Treatments were compared
to a Dinophysis monoculture control where no prey or lysate were added, and instead an equivalent
volume was replaced with additional fresh f/6-Si medium. Mean (±standard error) measurements of
Dinophysis growth rate and biomass are provided.

Treatment ID
Prey/Lysate

Species

Prey Initial
Conc.

(Cells/mL)

Lysate Initial Conc.
(Cell eq./mL)

Dinophysis Growth 1

Exponential
Growth
Rate (/d)

Period of
Exponential
Growth (d)

Max
Biomass

(cells/mL)

Preyciliate
3000 M. rubrum 3000 - 0.21 (±0.003) 12 2508 (±162)

Preyciliate
1500 M. rubrum 1500 - 0.16 (±0.007) 15 2252 (±110)

Prey + Lysateciliate
3000 M. rubrum 1500 1500 0.25 (±0.002) 12 3902 (±234)

Lysateciliate
3000 M. rubrum - 3000 0.12 (±0.004) 3 302 (±8)

Preycrypto T. amphioxeia 15,000 - - - 170 (±8)
Lysatecrypto T. amphioxeia - 15,000 - - 193 (±7)

Control none - - - - 187 (±5)
1 Dinophysis initial cell concentration was equal for all 6 treatments and the control, 150 cells/mL. The symbol “-“
indicates zero.
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2. Results

2.1. Lysate Size Characterization

Particles (n = 185) in the ciliate lysate were photographed and measured under a light microscope
at 100×. The mean size of lysate particles was 3.41 ± 0.13 μm (mean ± standard error) in diameter and
9.17 ± 0.73 μm2 in area. Attempts were also made to characterize particles in the cryptophyte lysate;
however, particles were not large enough to quantify using supplied magnification and software.

2.2. Growth of Dinoflagellate, Ciliate, and Cryptophyte

Dinoflagellates grew exponentially in the four treatments that were fed live ciliates (1500 or
3000 cells/mL), a 1:1 mixture of living ciliates and lysate (equivalent to 3000 cells/mL), and only ciliate
lysate (equivalent to 3000 cells/mL). More specifically, growth rates were 0.16 ± 0.007, 0.21 ± 0.003,
0.25 ± 0.002, and 0.12 ± 0.004/d for treatments Preyciliate

1500, Preyciliate
3000, Prey + Lysateciliate

3000,
and Lysateciliate

3000, respectively (Table 1, Figure 1). When compared across treatments providing
the same concentration of ciliates, 3000 cell eq./mL, Dinophysis grew faster when provided prey or
a combination of prey and lysate (treatments Preyciliate

3000 and Prey + Lysateciliate
3000), than when

provided only lysate (Lysateciliate
3000) (t-test, p < 0.05). Similarly, when provided both ciliate prey and

lysate (Prey + Lysateciliate
3000), Dinophysis reached a higher maximum, final biomass (3900 cell/mL)

at plateau phase than when it was provided with only living ciliates (Preyciliate
3000), 2500 cells/mL,

or only lysate (Lysateciliate
3000), 302 cells/mL (Table 1, Figure 1). The average maximum biomass

of Dinophysis in the Lysateciliate
3000 treatment was significantly greater than the maximum biomass

measured in the monoculture control, showing that growth was supported for three days on materials
liberated from the ciliate lysate (after two weeks of starvation in the light). When comparing between
treatments providing live ciliates, Dinophysis grew significantly faster during exponential growth
in the 3000 cells/mL treatment (Preyciliate

3000) than in the 1500 cells/mL treatment (Preyciliate
1500);

however, Dinophysis in the latter treatment grew steadily for a longer period, resulting in no detectable
difference in maximum biomass between treatments (Table 1). The dinoflagellates in treatments that
were provided with either living cryptophytes (Preycrypto), cryptophyte lysate (Lysatecrypto), or no
additions (Control, growth rate = 0.01 ± 0.007/d) did not show evidence of exponential growth over
the experimental period (Table 1, Figure 1).

The cell concentrations of ciliates and cryptophytes were also monitored in the co-incubations.
The cell concentration of the ciliate quickly decreased over time as Dinophysis fed during exponential
growth. More specifically, ciliates were completely consumed by days 15–18 in the two treatments
to which they were added without lysate: Preyciliate

1500 and Preyciliate
3000 (Figure 1). The prey in

the Prey + Lysateciliate
3000 treatment were depleted from the co-incubation by day 12, however,

transitioning Dinophysis into a prey-limited phase earlier than the other two treatments with live
ciliates. The cryptophytes that were co-incubated with Dinophysis (Preycrypto) grew exponentially
for 12 days, reaching a maximum concentration of 600,000 cells/mL during the experimental period
(data not shown).
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Figure 1. Growth response of Dinophysis acuminata (a,c) and ciliates, M. rubrum (b), in different
treatments after being starved, in the light, for two weeks before the experiment to ensure the prey
were fully consumed from the medium and that any responses measured in Dinophysis were due to
the amendments and not sustained growth or divisions using internal reserves. Treatments include
Preyciliate

3000: with ciliates at 3000 cells/mL; Prey + Lysateciliate
3000: with ciliates at 1500 cells/mL

+ ciliate lysate equivalent to 1500 cells/mL; Preyciliate
1500: with ciliates at 1500 cells/mL (a,b);

Lysateciliate
3000: with ciliate lysate equivalent to 3000 cells/mL; Lysatecrypto: with cryptophyte lysate

equivalent to 15,000 cells/mL; Preycrypto: with cryptophytes at 15,000 cells/mL; and Control: with no
prey or lysate addition (c). Initial concentration of D. acuminata was 150 cells/mL for all treatments.
Mean values and standard deviations are plotted (n = 3). Blue arrows in (a) indicate when samples
were initially harvested for toxin analysis, and then during exponential (Expo.) and plateau (Plat.)
growth phases.

2.3. Toxin Quota, Concentration, and Production

Cells and media of Dinophysis were harvested separately and analyzed for toxin during
two growth phases, exponential and plateau, for three treatments: Preyciliate

1500, Preyciliate
3000, and

Prey + Lysateciliate
3000. Initial toxin samples were also collected and analyzed from the inoculum
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Dinophysis cultures for comparison. Toxin data are not reported for the other four treatments, because
growth rates and final biomass were significantly lower when Dinophysis was grown with only
ciliate lysate, grown with cryptophytes that were living or lysed, or grown as a monoculture
control. More specifically, Dinophysis in these latter treatments (1) produced insufficient biomass
to reach toxin detection limits, and/or (2) did not progress through typical growth phases, i.e., lag,
exponential, and plateau, during the experimental period, making the toxin data incomparable to the
high-growth treatments.

We calculated the potential loss of D. acuminata during the harvesting process for toxin samples,
i.e., sieving. Only 1% of the harvested cells were potentially lost during harvesting; possible
mechanisms include being trapped in/on the sieve, loss of small cells, and/or artificial cell lysis
during processing. This error was found to be minimal and constant over growth phases, and therefore,
considered irrelevant to this study.

Toxin quotas (intracellular toxin) and concentrations (extracellular toxins) measured during
exponential and plateau phases were compared to the initial toxin levels in the maintenance Dinophysis
culture that was used for inoculation (taken in late plateau phase) to demonstrate increases in toxin
relative to initial conditions. As a general trend, intracellular levels of OA, DTX1, and PTX2 remained
minimal, i.e., similar to initial levels, during exponential growth, but increased during plateau phase
(Figure 2a–c). Exceptions were observed, however, whereby Dinophysis that was provided ciliate
prey at an initial concentration of 3000 cells/mL (Preyciliate

3000) did not increase their OA toxin quota,
relative to initial conditions, over the entire experimental period. Additionally, Dinophysis fed the
lower initial concentration of ciliate (Preyciliate

1500) did not increase their internal quotas of DTX1 or
PTX2 above initial conditions over the entire experimental period. Maximum average toxin quotas
were reached during plateau phase for OA, 0.11 ± 0.01 pg OA/cell (Prey + Lysateciliate

3000); DTX1,
0.20 ± 0.02 pg/cell (Prey + Lysateciliate

3000); and PTX2, 28.38 ± 5.02 pg/cell (Preyciliate
3000).

As seen with intracellular toxin quotas, extracellular toxin concentrations of OA, DTX1, and PTX2
in the culture medium of the three treatments remained low, relative to initial toxin concentrations,
through exponential growth, but significantly increased by plateau phase (Figure 2d–f). Maximum,
average extracellular toxin concentrations were reached during plateau growth phase for OA,
1.37 ± 0.01 ng/mL (Prey + Lysateciliate

3000) DTX1, 1.27 ± 0.10 ng/mL (Prey + Lysateciliate
3000); and PTX2,

22.37 ± 0.54 ng/mL (Preyciliate
1500). Once the intracellular quotas were converted to intracellular toxin

concentrations per milliliter of culture and combined with extracellular toxin concentrations to yield
total toxin concentrations (Figure 2g–i), it became apparent that total toxin concentration showed
the same overall pattern across treatments; total toxins increased over the aging of the culture and
reach maximum levels by plateau phase. DSP toxins, OA and DTX1, were more associated with the
extracellular fraction, <15 μm, while PTX2 was associated with the cells and particulates, ≥15 μm.

Total toxin concentrations, toxin quotas, and extracellular concentrations were also compared
across treatments during plateau phase to look for any effect from the different organic amendments
(Figure 2). Overall, the total toxin concentrations of OA and DTX1 were significantly greater in
the Prey + Lysateciliate

3000 treatment, as compared to the treatments with only live ciliates added
(Preyciliate

1500, Preyciliate
3000). When evaluating intra and extracellular toxins separately, the same

trend remained: the mean OA toxin quota and DTX1 extracellular concentration were significantly
greater than treatments with live prey. Okadaic acid extracellular concentrations (Figure 2d) and DTX1
intracellular toxin quotas (Figure 2b), however, were indistinguishable between the two treatments
with lysate (Prey + Lysateciliate

3000) and the higher prey abundance (Preyciliate
3000). In all cases,

Prey + Lysateciliate
3000 and the higher prey abundance Preyciliate

3000 contained more OA or DTX1 in
the intra or extra cellular fractions than the treatment with the lowest prey abundance (Preyciliate

1500).
Pectenotoxin-2 levels did not follow a distinguishable trend across treatments or toxin measurements,
but values were more than a magnitude greater than OA and DTX1 combined.
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Figure 2. Toxin levels in Dinophysis acuminata cells and medium over two growth phases: exponential
and plateau for three treatments. (a–c, Mean ± SD, n = 3) intracellular toxin quotas, (d–f, Mean ± SD,
n = 3) extracellular toxin concentrations in the cultures, and (g–i) total toxin concentration in
D. acuminata cultures with ciliate prey and/or lysate (Mean, n = 3). Intracellular toxins are indicated
with darker color bars, while extracellular toxins are represented using the lighter color bars. Toxins
quantified include okadaic acid (OA), dinophysistoxin-1 (DTX1), and pectenotoxin-2 (PTX2). Dashed
horizontal line in each panel indicates the mean initial toxin level at the start of the experimental period.
Asterisks ‘*’ indicate that a treatment was significantly greater at that growth phase as compared to the
initial toxin level, and letters that are uncommon show significant difference (p < 0.05) in toxin levels
between treatments during plateau phase, within that respective panel only.

The rate of intracellular toxin production (OA, DTX, or PTX2) by Dinophysis was greater during
exponential growth phase than as cells transitioned into plateau phase (Table 2). Toxin production
rates of OA, DTX1, and PTX2 were significantly faster (p < 0.05) when Dinophysis was provided with
a mixture of prey and lysate (Prey + Lysateciliate

3000) than when provided the same concentration
of prey, but no lysate (Preyciliate

1500). Toxin production in the mixed treatment and higher prey
treatment (Preyciliate

1500) were more comparable. Toxin production occurred during the transition from
exponential to plateau phase as well; however, rates of OA, DTX1, and PTX2 production were reduced
(Table 2).
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Table 2. Mean (±standard error) calculations of Dinophysis toxin production rate over two growth
phases, exponential (expo.) and plateau (plat.). The duration of days used to represent each growth
phase, and therefore calculate net toxin production rate (Rtox), are included for reference. Statistical
differences are indicated by uncommon lowercase letters (Two-Way Repeated Measures ANOVA with
alpha set to 0.05, n = 3).

Treatment ID

Duration of Each
Growth Phase (d)

Dinophysis Rtox (fg/cell/d)

Expo. Plat.
Initial to Exponential Exponential to Plateau

OA DTX1 PTX2 OA DTX1 PTX2

Preyciliate
3000 10 15 46 (±4) a 56 (±4) a 3747 (±177) ab 40 (±4) a 44 (±2) a 2837 (±241) a

Preyciliate
1500 16 16 39 (±1) a 37 (±1) b 2723 (±234) b 24 (±1) b 26 (±2) b 920 (±58) b

Prey + Lysateciliate
3000 10 15 65 (±3) b 63 (±5) a 4171 (±573) a 30 (±1) ab 37 (±4) ab 1662 (±372) b

OA, okadaic acid. DTX1, dinophysistoxin-1. PTX2, pectenotoxin-2.

3. Discussion

Mixotrophic Dinophysis acuminata was investigated for its ability to utilize organic material
released from the ciliate, Mesodinium rubrum, or the cryptophyte, Teleaulax amphioxeia. As such,
an isolate of D. acuminata was grown in the presence of live cells, lysate, live cells and lysate,
or no amendments except fresh culture medium. Overall, the addition of ciliate lysate, but not
cryptophyte lysate, to co-incubations of predator and prey led to significantly higher Dinophysis
growth rate, biomass, OA toxin quotas, DTX1 extracellular toxin concentrations, and DSP total toxins
(Figures 1 and 2, and Tables 1 and 2). It is important to note, that the addition of ciliate lysate to
co-incubations increased growth and toxigenicity above similar treatments where Dinophysis was
provided with the same or more live ciliate prey (1500 and 3000 cells/mL, respectively) or the same
amount of overall ciliate biomass as lysate (3000 cell eq/mL). Together these results demonstrate that
the organic matter from the lysed ciliates provided the necessary nutrition to Dinophysis (directly or
indirectly) to support growth (phototrophic or mixotrophic, respectively) and toxin production by
the dinoflagellate.

3.1. Ciliate Lysate in Support of Growth

Early culturing experiments proposed that Dinophysis acuminata required both prey and light
to grow in culture [10,22,39–41]; however, more recently, D. acuminata has been shown to undergo
phototrophic growth, in the presence of ammonium and urea, and the absence of prey, but that growth
occurs at a slower rate than during mixotrophy [34,36]. Similarly, in the present study, an isolate
of D. acuminata from Eel Pond, USA, grew for 3 days and reached significantly higher biomass
when provided only ciliate lysate as an amendment beyond medium (Lysateciliate

3000, Figure 1) as
compared to a monoculture control that showed no growth or change in biomass over the same period.
These dinoflagellate cultures were starved for two weeks in the light prior to the experiment to ensure
that internal reserves were depleted and that any responses measured in Dinophysis were due to the
new amendments. While certain growth (photosynthetic + mixotrophic) occurred without prey in
the ciliate lysate treatment (Lysateciliate

3000), growth rates and final biomass significantly increased
once prey were added to D. acuminata culture (Prey + Lysateciliate

3000, Preyciliate
1500, Preyciliate

3000)
(Table 1), supporting previous findings for faster growth rates during mixotrophic growth. It is unclear
whether the dinoflagellate directly and/or indirectly benefitted from the organic materials liberated
from the ciliates. Other studies have proposed an indirect link between dissolved nutrients and
Dinophysis abundance, citing the ciliate’s high affinity for dissolved inorganic and organic nutrients
and a cascading increase in ciliate abundance and then Dinophysis abundance [34,35,44]. Ciliates,
however, did not increase in abundance or extend their presence in the co-incubation with the addition
of lysate (Figure 1b); this is contrary to what can be expected if the ciliate was the link between the
liberated organic materials and increased Dinophysis abundance. This result, instead, lends support
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for an alternative conclusion: D. acuminata directly used the liberated materials to enhance total
(photosynthetic + mixotrophic) growth on top of mixotrophic growth.

The growth-promoting effect of ciliate lysate also surpassed the effects of doubling ciliate
abundance and exceeding prey saturation levels. More specifically, doubling the concentration of
live ciliates inoculated into co-incubations from 1500 to 3000 cells/mL (Preyciliate

1500, Preyciliate
3000,

respectively), significantly increased Dinophysis growth rate (Figure 1, Table 1). This increase in
rate and biomass achieved with more prey, however, was still below that achieved by D. acuminata
when grown in the presence of lysate and less prey (Prey + Lysateciliate

3000). Differences in
growth rate between the low and high prey treatments were expected given that the initial prey
concentrations, 1500 and 3000 cells/mL respectively, were below and above the published prey
saturation threshold: ~2000 cells/mL [39,45]. The design of these treatment levels was intentional in
that it allowed for the examination of whether a sub-saturation level of live prey, as seen in treatments
Prey + Lysateciliate

3000 and Preyciliate
1500, would lead to similar maximum Dinophysis growth rates and

biomass, or if supplementing that sub-saturation level of prey with lysate would allow D. acuminata
to perform at the level of super-saturation, i.e., equivalent to the high prey treatment, Preyciliate

3000.
As the latter outcome was observed, i.e., D. acuminata grew fastest in the lysate and prey treatment
(Prey + Lysateciliate

3000), one can conclude that either (1) the ciliate (or associated bacteria) utilized the
liberated materials promoting D. acuminata growth by making itself more enriched or abundant, or
(2) with the addition of ciliate lysate, total (photosynthetic + mixotrophic) growth was enhanced in
D. acuminata (i.e., direct uptake of liberated materials by dinoflagellate).

Alternatively, the bacteria associated with the ciliate culture inoculum may be indirectly
responsible for the measured increase in D. acuminata growth in the mixed treatment
(Prey + Lysateciliate

3000). The three cultures of cryptophyte, ciliate, and dinoflagellate used in this
study were non-axenic, and so likely contained heterotrophic bacteria at the time of co-incubation.
Bacteria, in general, are well known for their contributions to phytoplankton growth [46–48], and may
have remineralized the organic material (dissolved or particulate) into nutrient chemical forms
that D. acuminata can directly utilize to support cell division, such as ammonium or urea [34,49].
Growth factors, such as essential vitamins and metals, may also be liberated through remineralization
of dissolved organic substrates. Therefore, interactions between Dinophysis-ciliate-bacteria still need to
be evaluated systematically if the link between the dinoflagellate, ciliate, and/or organic compounds
or materials is to be realized.

As ciliate lysate was shown to enhance D. acuminata growth in the presence of ciliate inoculum
(i.e., live ciliates and associated bacteria), then ciliate lysate addition may be a mechanism to increase
the likelihood of success during D. acuminata isolation. While early attempts to isolate and establish
Dinophysis cultures with organic matter failed [32,33], more recent studies with field populations
and established isolates suggest Dinophysis experiences direct or indirect benefits from organic
compounds [21,24,34,36] and this study. Given how critical the multi-stage feeding scheme [10] is to
the successful isolation of Dinophysis spp., we do not recommend replacing prey with ciliate lysate,
but instead suggest that in addition to typical Dinophysis isolation methods, researchers consider
adding equal parts of live ciliates and ciliate lysate to a subset of single-cells in a well plate. Note that
the growth-promoting effect of ciliate lysate has only been demonstrated for D. acuminata and so
it is not known if these results extrapolate to others in the genus. Additionally, ciliates used in this
study were maintained by performing a 1:2 dilution with fresh medium (see Materials and Methods),
meaning that ciliates were likely conditioned to utilize additional nutrient forms than those that
are strictly provided in f/6-Si medium. It is, therefore, unknown if the growth-promoting effect of
ciliate lysate, in the present study, was dependent upon the pre-conditioning of ciliates, and therefore
D. acuminata, to utilize multiple chemical forms.
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3.2. Ciliate Lysate in Support of Toxin Production

The addition of a mixture of ciliate lysate and live ciliates to D. acuminata cultures significantly
increased total toxin concentrations (intracellular + extracellular) of OA and DTX1 relative to both
initial levels and the other treatments that provided only ciliates (Figure 2g–h). Pectenotoxin-2 did
not show a consistent trend across treatments and toxin fractions, but did significantly increase in the
lysate and prey treatment from initial levels (Figure 2c,f,i). These novel findings built upon a previous
study by Nagai et al., [21], whereby the authors showed that the addition of lysate alone increased total
toxin levels in a monoculture of D. acuminata. While the current study cannot ask the same question,
i.e., the lysate-only treatment did not produce enough biomass for toxin testing, it is interesting that
both studies reported a toxin-promoting effect of lysate. The consistency in results between studies,
two geographical isolates, and different prey lines, lends support to this result’s validity. Additionally,
the earlier depletion of live ciliates from the Prey + Lysateciliate

3000 treatment (Figure 1b) may have
contributed to the enhanced toxin quotas in D. acuminata as toxin content has been shown to increase
in cultures during the prey-limited phase (52).

Okadaic acid and DTX1 released into the surrounding environment, whether actively or passively,
by D. acuminata may have detrimental effects on competitors and prey. These toxins have been shown
to limit the growth of several microalgae [5,6] and have been proposed to aid in the capture and
immobilization of ciliate prey [31,40,50,51]. Ciliates, M. rubrum, exhibited abnormal behavior when
exposed to high densities of D. fortii, such as forming clumps or rotating at the same place, followed
by death [51]. Other mechanisms of capture have also been investigated, such as mucus traps [30] and
chemical or physical sensing [52,53], in which OA has either been found unimportant to the mechanism
or not evaluated as a contributor. The present study suggests a positive feedback may occur, whereby
the addition of prey lysate enhances the production and exudation of DSP toxins. The addition of
ciliate lysate to co-incubations (Prey + Lysateciliate

3000) resulted in a significant increase in OA and
DTX1 levels to 0.38 and 0.71 ng/mL intracellularly, and 1.37 and 1.27 ng/mL extracellularly by plateau
phase, respectively (Figure 2g–h). Mechanisms underlying this feedback, e.g., chemical detection of
prey [52], should be further explored as these data suggest that the presence of cells and/or their
exudate will enhance extracellular DSP toxin levels.

4. Conclusions

To summarize, an isolate of D. acuminata benefitted from the addition of organic matter that was
released from M. rubrum by probe-sonification. Growth and DSP toxin metrics elevated when the
lysate was administered with live prey, suggesting that either total (photosynthetic + mixotrophic)
growth of D. acuminata was enhanced with the addition of the liberated organic compounds and/or the
ciliate (or associated bacteria) was directly utilizing the liberated materials and indirectly providing the
benefit to D. acuminata through remineralization to bioavailable forms or increasing ciliate enrichment
and/or abundance. When provided with ciliate lysate only, however, growth of D. acuminata was also
observed, lending some support to the conclusion that the dinoflagellate does have some capacity to
directly utilize the liberated compounds itself and promote certain growth and toxin production.

Extrapolating to the field, these culturing studies suggest that the co-occurrence of
a ciliate-dinoflagellate bloom may exacerbate D. acuminata abundance and toxigenicity due to exudate
or lysing. The lysate from the cryptophyte, however, did not support Dinophysis growth, suggesting
this growth-promoting effect may be unique to ciliates. Further studies should be conducted to better
understand the interactions between organic compounds and Dinophysis-ciliate-bacteria relationships
and characterize the nutritional composition of ciliate lysate to identify the beneficial components as
those might be important drivers of D. acuminata abundance and DSP events in the field.
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5. Materials and Methods

5.1. Culture Maintenance

A uni-algal culture of Dinophysis acuminata (DAEP01) was previously isolated from Eel Pond,
Woods Hole, MA, in September of 2006 [54]. The ciliate Mesodinium rubrum (GenBank accession
NO. AB364286) and cryptophyte Teleaulax amphioxeia (GenBank accession NO. AB364287) were isolated
from Inokushi Bay in Oita Prefecture, Japan, in February of 2007 as described in [27]. All cultures were
maintained at a salinity of 30 in f/6-Si medium, which was prepared with 1/3 nitrate, 1/3 phosphate,
1/3 metals, and 1/3 vitamins of f/2-Si medium. The three-stage culture system [10] was utilized;
the cryptophyte was fed to the ciliate prior to being fed to the dinoflagellate. In detail, every 7 days,
20 mL of M. rubrum culture medium was added to 20 mL of fresh f/6-Si medium with 0.5 mL
T. amphioxeia cultures, providing roughly a 1:2 dilution of ciliate culture. After the cryptophyte cells
were consumed, the ciliates were then fed to Dinophysis cells at a prey: predator ratio of 3:1. Cultures
were maintained at 15 ◦C with dim light (ca. 20 μmol photons m−2 s−1) on a 14 h light: 10 h dark
photo cycle.

5.2. Lysate Preparation and Size Characterization

Mesodinium rubrum and T. amphioxeia cultures in early plateau phase (11 and 6 days old,
respectively) were pretreated by probe sonication to prepare fresh ciliate and cryptophyte lysate
for the experiment (Table 1). More specifically, 100 mL of the M. rubrum culture (4 × 103 cells/mL) or
50 mL of the T. amphioxeia culture (2 × 105 cells/mL) were probe sonified (Scientz JY92-IIN, Ningbo,
China) using a repeated pulse cycle (3 s sonify/3 s pause = 90 s of active sonication, power = 400 W)
over three minutes to lyse all cells. The duration and amplitude were determined by a preliminary
experiment in which time of active sonification was increased from 60 s to 120 s over 200 W to 400 W
(data not shown). No intact ciliate or cryptophyte cells were observed under a light microscope at
400 W after 60 s ultrasonic treatment.

Triplicate subsamples of experimental cell lysate were immediately scanned under light
microscope using a Sedgewick-Rafter counting chamber to ensure the absence of living or whole
cells. Particles of the ciliate lysate were photographed and measured using an Olympus CKX53
inverted microscope (Olympus, Shinjuku, Tokyo) with Infinity Analyze imaging software (Lumenera
Corporation, Ottawa, Canada). All particles were evaluated as spheres, and therefore, were fit to
a circle and diameter and area measurements collected.

5.3. Experimental Design

Triplicate maintenance cultures of Dinophysis acuminata and Mesodinium rubrum were starved,
in the light, for two weeks before the experiment to ensure the prey were fully consumed from
the medium and that any responses measured in Dinophysis were due to the amendments and
not sustained growth or divisions using internal reserves. To begin the experiment, triplicate 1-L
flasks were inoculated with Dinophysis monoculture at an initial concentration of 150 cell/mL for
all seven treatments (Table 1). Live ciliate prey were then provided to Dinophysis at two initial
concentrations, 1500 and 3000 cells/mL: the Preyciliate

1500 and Preyciliate
3000 treatments, respectively.

To determine if prey was equally supportive of growth and toxin production when provided as
organic matter, half of the ciliates were lysed and then fed to Dinophysis as a mixture of live prey and
lysate, equivalent to 3000 cells/mL: the Prey + Lysateciliate

3000 treatment. Additionally, ciliate lysate
equivalent to 3000 cells/mL was offered alone to determine if organic “dead” particles could support
Dinophysis growth and toxin production: the Lysateciliate

3000 treatment. Prey to predator ratios for all
the 1500 cells/mL and 3000 cells/mL ciliate treatments were 10:1 and 20:1, respectively.

Two additional treatments were included to determine if similar growth and toxin production
could be achieved by Dinophysis through exposure to lysed cryptophytes, Lysatecrypto

15000,
with an equivalent live cryptophyte treatment run in parallel: Preycrypto

15000 (Table 1). All treatments

188



Toxins 2019, 11, 57

were compared to a monoculture Dinophysis control in which no prey or lysate was provided, and the
triplicate flasks were instead supplemented with fresh f/6-Si medium to reach a similar final volume
of 500 mL.

Samples, 1.2 mL, were taken every three days from each flask, fixed with 3% (v/v) formalin
solution, and the dinoflagellates, ciliates, and cryptophytes were enumerated microscopically using
a Sedgewick-Rafter counting chamber at 100× magnification.

5.4. Toxin Analysis

Culture was harvested and separated into medium and cells of Dinophysis once experimental
cultures reached two growth phases, exponential and plateau. Initial toxin samples were also collected
and analyzed from the Dinophysis inoculum cultures. Cells were separated from medium using
a 15-μm Nitex sieve affixed to polyvinyl chloride (PVC) pipe and back-washed into a pre-weighed
15-mL centrifuge tube (w1) using fresh media; the sieved medium was collected into a beaker. As such,
intracellular (≥15 μm) and extracellular (<15 μm) fractions of each sample were collected, extracted,
and analyzed separately. In order to determine the total number of harvested cells for extraction,
200 μL subsamples were pipetted from the intracellular toxin samples into a 2-mL micro-centrifuge
tube containing 1.0 mL filtered seawater and 37 μL formalin solution (3% v/v). The fixed and diluted
subsamples were enumerated microscopically to calculate cell concentration using a Sedgewich-Rafter
counting chamber at 100× magnification. The 15-mL tube was then reweighed (w2) to calculate the
volume of harvested Dinophysis cells (v) using the formula:

v =
w2 − w1

ρseawater
(1)

where ρseawater was set at 1.03 g/mL given the salinity of the culture medium was 30. The volume
harvested (v) was then multiplied by the cell concentration to estimate the total number of cells in the
tube. Tubes were then frozen at −80 ◦C for over 24 h before toxin extraction.

Methods of solid phase extraction (SPE) were used as described in [38] to clean up samples prior
to analysis. SPE cartridges (Oasis HLB 60 mg; Waters, Milford, MA, USA) were conditioned with 6 mL
of methanol and rinsed with 6 mL of Milli-Q water in preparation for cell or media. Culture media
(extracellular fraction, <15 μm) was loaded onto the column immediately after separation from cells
with no additional processing. Cell samples (intracellular fraction, ≥15 μm), however, underwent
a freeze/thaw cycle and bath sonification (KQ-3200E, ultrasonic power = 150 watt, frequency = 40 KHz,
Kunshan Ultrasonic Instruments Co., Ltd., Kunshan, China) for 15 min at room temperature, to aid
in cell lysis before being loaded onto the conditioned SPE cartridges. The cartridges were then
washed with 3 mL of Milli-Q water and toxins were ultimately eluted with 1 mL of methanol into
an autosampler vial. Eluates from the samples were heated at 40 ◦C in a heating block, dried under
a stream of high-purity N2 (HP-S016SY, ), and re-suspended in 1 mL of methanol for toxin analysis to
remove error associated with varying elution volumes. Eluates were frozen at −20 ◦C until analysis.

The Dionex UltiMate 3000 liquid chromatrography system (Thermo ScientificTM DionexTM,
Waltham, MA, USA) coupled with an AB 4000 mass spectrometer (SCIEX, Framingham, MA, USA)
with electrospray ionization (LC-MS/MS) was used for the analysis. Toxins, okadaic acid (OA) and
dinophysistoxin-1 (DTX1), were analyzed in negative mode, and pectenotoxin-2 (PTX2) in positive
mode. Chromatographic separation for OA and DTX1 was performed using a Waters XBridgeTM C18
column (3.0 × 150 mm, 3.5 μm particle size) at 40 ◦C in negative mode. The mobile phase used during
negative mode consisted of phase A, 0.05 v/v % ammonia hydroxide (pH 11) in water and phase B,
0.05 v/v % ammonia hydroxide in 90% acetonitrile, with a flow rate of 0.4 mL/min and 10 μL injection.
A linear gradient elution from 10% to 90% B was run for 9 min, held for 3 min at 90% B, decreased
to 10% B in 2 min and held at 10% B for 4 min to equilibrate at initial conditions before the next run
was started. In positive mode, Waters XBridgeTM C18 column (2.1 × 50 mm, 2.5 μm particle size) at
25 ◦C was performed for chromatographic separation of PTX2. The mobile phase consisted of phase C,
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water and phase D, 95% acetonitrile, both contain a constant concentration of buffer (2 mM ammonium
formate and 50 mM formic acid). A linear gradient from 10% to 80% acetonitrile was run between
0 and 3 min, held at 80% acetonitrile for 2 min, decreased to 10% in 2 min and held another 2 min.
The flow rate during positive mode runs was 0.3 mL/min and the injection volume was set to 10 μL.

The mass spectrometer was operated in multiple reaction monitoring (MRM) mode. Transitions
of [M + NH4

+] ion: PTX2, m/z 876.5 > 823.4, [M-H+] ions: OA, m/z 803.5 > 255.0 and DTX1,
m/z 817.5 > 255.0 were selected for quantitation. The operation conditions were as follows: ion spray
voltage (ISV): −4.5 kV, temperature (TEM): 600 ◦C, nebulizer gas (NEB) 13 psi, curtain gas (CUR):
13 psi, collision gas (CAD): 5 psi in negative mode and ISV: 3 kV, TEM: 650 ◦C, NEB: 14 psi, CUR:
16 psi, CAD: 5 psi in positive mode. Standards for OA, DTX1, and PTX2 were purchased from the
National Research Council, Canada (NRC). Five-point standard curves were generated using NRC
reference materials, with concentrations ranging from 1.25 to 20 ng/mL for OA and DTX1, and 6.25 to
100 ng/mL for PTX2.

5.5. Calculations

Dinophysis growth rate was calculated over the entire period of exponential growth phase (Table 1)
using the following formula [55]:

μ =
ln(N2/N1)

t2 − t1
(2)

where N1 and N2 (cells/mL) are the cell concentrations at time 1 and time 2, respectively. Sampling
times are represented by t1 and t2 with units of day, and μ is the growth rate calculated at the sampling
interval with units of day−1.

Toxin data are presented as cellular toxin content or quota (toxin amount per cell), total toxin
concentration (intracellular + extracellular, i.e., total toxin in a milliliter of culture), proportion of
extracellular toxin (extracellular/ (intracellular + extracellular) × 100%) and net toxin production rate
Rtox (amount toxin/cell/d). The Rtox was calculated using the total toxin concentration (extracellular +
intracellular) as described by the authors of [56].

Rtox =
(T2 − T1)

(C)(t2 − t1)
(3)

C =
C2 − C1

ln(C2/C1)
(4)

In these equations, T1 and T2 are the total toxin concentrations (intracellular + extracellular, i.e.,
total toxin per milliliter of culture) at time 1 and time 2, respectively. Toxin production rates were
calculated for two periods of time: from initial to exponential growth phase, and then from exponential
into plateau phase (Table 2). The concentrations of Dinophysis cells at time 1 and time 2 are represented
as C1 and C2, (cells/mL), respectively.

5.6. Statistical Analysis

Repeated Measures ANOVA (SigmaPlot v12.0, Systat Software Inc., London, UK) was used to
analyze for differences in DSP and PTX2 toxin content, total toxin concentrations, and differences
of toxin production rates between treatments or over time. Shapiro-Wilk test was used to test for
normality. T-tests were used to analyze for any differences in growth rate and biomass of Dinophysis
between treatments. Alpha was set at 0.05 for all analyses.
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Abstract: The development of Dinophysis populations, producers of diarrhetic shellfish toxins,
has been attributed to both abiotic (e.g., water column stratification) and biotic (prey availability)
factors. An important process to consider is mixotrophy of the Dinophysis species, which is an
intensive feeding of the Mesodinium species for nutrients and a benefit from kleptochloroplasts.
During the feeding process, the nutritional status in the environment changes due to the preference
of Mesodinium and/or Dinophysis for different nutrients, prey cell debris generated by sloppy feeding,
and their degradation by micro-organisms changes. However, there is little knowledge about the
role of the bacterial community during the co-occurrence of Mesodinium and Dinophysis and how
they directly or indirectly interact with the mixotrophs. In this study, laboratory experiments were
performed to characterize the environmental changes including those of the prey present, the bacterial
communities, and the ambient dissolved nutrients during the co-occurrence of Mesodinium rubrum and
Dinophysis acuminata. The results showed that, during the incubation of the ciliate prey Mesodinium
with its predator Dinophysis, available dissolved nitrogen significantly shifted from nitrate to
ammonium especially when the population of M. rubrum decayed. Growth phases of Dinophysis and
Mesodinium greatly affected the structure and composition of the bacterial community. These changes
could be mainly explained by both the changes of the nutrient status and the activity of Dinophysis cells.
Dinophysis feeding activity also accelerated the decline of M. rubrum and contamination of cultures
with okadaic acid, dinophysistoxin-1, and pectenotoxin-2, but their influence on the prokaryotic
communities was limited to the rare taxa (<0.1%) fraction. This suggests that the interaction between
D. acuminata and bacteria is species-specific and takes place intracellularly or in the phycosphere.
Moreover, a majority of the dominant bacterial taxa in our cultures may also exhibit a metabolic
flexibility and, thus, be unaffected taxonomically by changes within the Mesodinium-Dinophysis
culture system.

Keywords: DSP toxins; pectenotoxins; Dinophysis acuminata; Mesodinium rubrum; bacterial community;
high throughput sequencing

Key Contribution: toxin levels; nutrient dynamics and changes in bacterial communities during
Dinophysis acuminata feeding on Mesodinium rubrum; interactions among toxin-producing
Dinophysis species; bloom-forming Mesodinium rubrum and heterotrophic bacteria were discussed;
Dinophysis-Mesodinium predator prey interactions.

1. Introduction

The cosmopolitan dinoflagellate species Dinophysis acuminata is responsible for diarrhetic shellfish
poisoning (DSP) events all around the world [1,2]. Okadaic acid (OA) and its derivatives known as
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Toxins 2018, 10, 443

dinophysistoxins (DTXs) and/or pectenotoxins (PTXs) are the dominant components in the toxin
profile of D. acuminata. As strong inhibitors of serine and threonine protein phosphatases in eukaryotic
organisms, OA and DTXs are capable of promoting potent tumors [3], inducing typical diarrhetic
symptoms [2,4], and even acting as lethal agents to mammals. Recent transcriptomics analysis also
revealed that OA and DTX-1 may induce hypoxia-related pathways or processes, unfolded protein
response (UPR), and endoplasmic reticulum (ER) stress [5]. PTXs are generally not responsible for
unpleasant gastrointestinal symptoms but are potentially involved in acute toxicity [6].

D. acuminata is a mixotrophic species that primarily requires phototrophic metabolism and plastid
retention for long-term maintenance in the laboratory [7–9]. The Dinophysis–Mesodinium–cryptophyte
is so far the only known food chain for Dinophysis growth. Dinophysis blooms are very much related
to the distribution and abundance of Mesodinium [10–12]. Therefore, the nutritional status of prey
and the surrounding environment may have a critical impact on the growth and toxin production of
Dinophysis [13–17]. The feeding process of the latter involves not only the direct uptake of the prey
organelles through a feeding peduncle (myzocytosis) and secretion of mucus traps but also the intense
lysis of the ciliate cells [18–20]. Cell debris and organic substances originating from prey were reported
to induce the DSP toxin release from Dinophysis [21]. The suspected harmful compounds (e.g., free
polyunsaturated fatty acids) were not the shellfish toxins [22]. Additionally, “sloppy feeding” behavior
generates a substantial amount of dissolved and particulate materials in the surrounding environment.
This pool of biological organic matter combined with the extracellular toxin fraction may also function
as a source of nutrients available to the heterotrophic bacterial community and, in turn, for Dinophysis
cells after regeneration [21,23,24] or other biochemical pathways [25]. However, few studies have been
conducted to assess the contribution and availability of these nutritional sources.

The role of algal–bacterial interactions during harmful algal bloom (HAB) has received attention
in recent years [26–28]. The supply of dissolved organic substances through cell exudation or
cell lysis is hypothesized to be a major interaction between phytoplankton and the associated
bacterial community [24,25,29]. The influence of bacteria on the toxigenic properties of photosynthetic
microalgae (mainly Alexandrium spp. producing paralytic shellfish toxins) has been widely
examined (Reference [26] and literature therein). The “obligate” relationship between bacteria
and mixotrophic Dinophysis species has been explored in terms of cell abundance and carbon
equivalents, which show a possible dependence on bacteria-produced vitamin B12 and, to a lesser
extent, the potential of bacterivory for Dinophysis growth [23], which was otherwise confirmed in the
case of Mesodinium rubrum [30]. Recently [31], the cluster of Alteromonadales have been identified
as the unique prokaryotic microbiome associated with D. acuminata blooms in Northport Harbor,
New York. This finding highlighted the importance of biogeochemical conditions in shaping the
microbial consortia.

Mixotrophs may become the major players in an aquatic ecosystem due to their substantial
contribution to the energy cycles and to nutrient cycles where heterotrophic bacteria control most of the
pathways [32,33]. However, more compelling evidence is needed to explain the interactions between
specific heterotrophic bacteria and nutrient dynamics mediated by the mixotrophy of Dinophysis species.
Therefore, in this study, we focused on the bacterial community associated with the mixotrophic
D. acuminata feeding on the mixotrophic M. rubrum in laboratory culture conditions. By tracking the
changes of the bacterial assemblages and the nutritional status of the culture medium, we aimed to (i)
study the nutrient dynamics mediated by mixotrophy through the different growth phases of Dinophysis
feeding Mesodinium and the possible consequences for the ambient microbial community and (ii)
identify the prevailing interactions among deterministic factors, the bacterial community, and DSP
toxin dynamics during the feeding process. In the context of its mixotrophic nature, we hypothesized
that an ingestion-derived nutrient shift combined with the activities of the toxin-producing Dinophysis
could lead to niche separation of the microbial community.
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2. Results

2.1. Predator-Prey Population Dynamics and Environmental Changes

The simulation started with an initial density of M. rubrum of 6740 ± 1379.3 (mean ± SD,
Group A) cells mL−1 and 7902 ± 373.0 (Group B) cells mL−1 (Figure 1). The M. rubrum population
developed until the 5th day when Dinophysis cells were inoculated (Group A). The ciliate cell-density
gradually declined under an average ingestion rate of 3.25 ± 0.38 prey cells predator−1 day−1 during
16 days while the Mesodinium population in the control group (Group B) doubled in 4 days and then
significantly declined to 4833 ± 378.6 cell mL−1 from days 5 to 16. Dinophysis exponential growth
lasted 15 days (from T1 to T3) and reached a maximal density of 1302 ± 282.1 cells mL−1 on the 20th
day and remained in a plateau phase thereafter (Figure 1). The bacterial abundance also changed
during the feeding process (Group A) and the growth of M. rubrum (Group B).

Environmental characteristics varied differently over the course of the growth curve (Table 1).
Based on our design, inorganic nitrogen (mainly comprised of NO3

−) and phosphate PO4
3−

concentrations at T0 (45.95 ± 5.77 and 2.90 ± 0.85 μM, respectively) were much lower than those
in f/20 medium. As the population developed, a sharp increase of NH4

+ was observed from T1 to
T2 while NO3

− became undetectable (Table 1). PO4
3− also decreased but at a relatively slower rate.

Accordingly, particulate phosphorus exhibited an opposite pattern and slightly declined after 30 days
of incubation. Dissolved organic carbon (DOC) increased along with the rise and cell maxima of
M. rubrum. Thereafter, DOC content was generally reduced with fluctuations. Particulate organic
carbon (POC) remained constant for the first 5 days and decreased as the population declined (Table 1
and Figure 1). A separate trend of POC, however, was observed for T3 when this compound continued
declining in Group B but gradually accumulated in Group A. In addition, toxins accumulated in
the culture medium as the Dinophysis population increased at the expense of Mesodinium in Group
A. OA and DTX1 were presented together in the summary and in the following analysis due to the
fact that they share the same chemical backbone (Table 1). Total OA + DTX1 and PTX2 contents in
the culture medium were shown to increase over the growth curve and reached a concentration of
4109.58 ± 621.79 pg mL−1 and 26.74 ± 0.73 ng mL−1, respectively, by the end of the experiment
(Table 1).

2.2. Composition and Structure of the Microbial Community throughout the Growth Curve

Bacteria samples were also harvested six times throughout the entire growth curve. The composition
and structure of the microbial community was demonstrated at the class and order levels, according to
the DNA results (Figure 2), and analyzed statistically using unweighted (structure) and weighted
(composition) NMDS (Figure 3) and UniFrac dissimilarity (Figure 4).

During the molecular analysis, a total of 93 OTUs were observed throughout all the samples after
being rarefied to an even depth of 25,396 reads (Table 2). A Good’s coverage index of over 0.999 and
the high validity of clean tags indicated that the sequencing had covered almost all the species in
the samples and the results were convincing. Alpha diversity indexes (Simpson, Shannon Wiener,
and Chao1) indicated that there were no significant differences (ANOVA, p > 0.05) of the bacterial
community between the two treatments in each crucial time period (Table 2). Proteobacteria (relative
abundance = 74.3%) and Bacteroidetes (relative abundance = 21.1%) were the two dominant bacterial
phyla in all samples. The majority of Proteobacteria were Alphaproteobacteria (97.8%) and a small
fraction of Gammaproteobacteria (2.1%). Bacteroidetes and Sphingobacteria only attributed to the
Sphingobacteriales accounted for 14.2% of the total microbial assemblage (Figure 2a). At the order
level, Rhodobacterales and Cellvibrionales, which are representative of Alphaproteobacteria and
Gammaproteobacteria, respectively, were dominant (Figure 2b).
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Figure 1. Cell density of Mesodinium rubrum and Dinophysis acuminata in Group A and Group B
(control group without Dinophysis cells) over the growth curve. The shaded area indicates the bacterial
concentration and the hex symbol shows the time point when subsamples were retrieved for nutrients
analysis, bacterial counts, and analysis of the bacterial community.

Table 2. The validity of tags and alpha diversity indexes in Dinophysis present (A) and Dinophysis-free
control (B) at the six growth phases (T0–T5). Triplicate subsamples were harvested for each treatment
and phase. One subsample failed to produce the 16S rRNA gene amplification (“T1-2”).

Sample ID Valid Tags Valid% Goods Coverage OTU Counts Simpson Shannon Wiener Chao1

T0-1 35,860 91.37% 0.9995 57 1.31 0.51 64.8
T0-2 37,205 89.24% 0.9995 79 1.75 0.56 83.4
T0-3 36,596 91.55% 0.9994 57 1.69 0.59 81.0
T1-1 25,396 85.29% 0.9996 81 1.93 0.57 85.0
T1-2 - - - - - - -
T1-3 38,153 92.66% 0.9994 49 1.24 0.50 67.2

T2-1 (A) 38,611 92.30% 0.9996 52 1.84 0.61 56.0
T2-2 (A) 34,985 90.78% 0.9998 51 1.99 0.64 52.3
T2-3 (A) 33,591 87.98% 0.9992 55 1.29 0.47 82.1
T2-1 (B) 34,373 89.63% 0.9995 54 1.65 0.56 63.8
T2-2 (B) 36,081 91.48% 0.9995 48 1.60 0.54 59.0
T2-3 (B) 35,202 87.22% 0.9996 40 1.71 0.57 46.0
T3-1 (A) 38,304 92.79% 0.9995 59 1.55 0.53 65.6
T3-2 (A) 35,826 91.63% 0.9996 43 1.25 0.44 49.0
T3-3 (A) 36,145 92.71% 0.9997 47 1.52 0.51 51.7
T3-1 (B) 37,516 91.71% 0.9998 42 1.38 0.49 43.9
T3-2 (B) 35,153 90.96% 0.9995 44 1.16 0.42 63.5
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Table 2. Cont.

Sample ID Valid Tags Valid% Goods Coverage OTU Counts Simpson Shannon Wiener Chao1

T3-3 (B) 36,480 91.28% 0.9996 41 1.56 0.51 44.3
T4-1 (A) 35,231 91.41% 0.9998 42 1.56 0.51 43.7
T4-2 (A) 37,869 90.60% 0.9995 47 1.68 0.53 66.5
T4-3 (A) 36,610 92.61% 0.9995 53 1.62 0.52 66.0
T4-1 (B) 38,995 93.12% 0.9997 47 1.37 0.47 50.5
T4-2 (B) 35,561 87.96% 0.9996 45 1.85 0.60 49.5
T4-3 (B) 34,364 90.38% 0.9996 47 1.36 0.43 56.2
T5-1 (A) 33,756 88.31% 0.9996 46 1.86 0.62 55.2
T5-2 (A) 37,201 88.99% 0.9995 51 1.66 0.54 64.0
T5-3 (A) 36,041 89.82% 0.9995 57 1.70 0.56 65.7
T5-1 (B) 36,348 91.57% 0.9993 48 1.42 0.46 86.3
T5-2 (B) 36,231 90.09% 0.9994 48 1.78 0.59 63.2
T5-3 (B) 29,843 86.83% 0.9995 70 1.88 0.56 77.3

NMDS also demonstrated the difference of structure (Figure 3a) and composition (Figure 3b) of
the bacterial community in Groups A and B. The unweighted (Figure 3a) and weighted (Figure 3b)
UniFrac distances represent the structure and composition of the microbial assemblage, respectively.
The patterns of structural differences (Figure 3a) in both treatments were not as clear as the patterns
of composition differences (Figure 3b) within the growth phases (T0–T5). In fact, growth phases
(Dinophysis in Group A and Mesodinium in Group B) had a great effect on shaping the bacterial structure
(ANOSIM r = 0.37, p = 0.001) and composition (ANOSIM r = 0.257, p = 0.004) of the communities
regardless of whether Dinophysis cells were present or not (ANOSIM, unweighted r = −0.015, p = 0.544
and weighted r = −0.06, p = 0.933). The same results were also found in UniFrac dissimilarities analysis,
which showed that the composition and structure of the bacterial community significantly changed
during Dinophysis growth (Figure 4a) and M. rubrum decay (Figure 4b) by using the dissimilarity
indexes and the generalized, unweighted, and weighted UniFrac distances. As for the difference
between the two treatments (Figure 4c), only a minor increase in an unweighted distance analysis was
observed and an opposite trend was observed when the abundance of bacterial taxa was considered
(generalized and weighted UniFrac distance), which suggests that the presence and proliferation of the
Dinophysis population or the consequences of its association with Mesodinium decay may not influence
the composition and structure of the dominant bacterial species.

To better identify the interactions between the microbiome and the biotic or abiotic factors
characterized in the growth curve, we manually defined the bacteria into three groups, which include
the abundant (Ab) group, the moderately abundant (M) group, and the rare (R) taxa group.
These groups stand for a relative abundance above 1%, between 0.1% and 1%, and below 0.1%,
respectively. In summary, out of the 93 identified OTUs, 5 OTUs were assigned to the abundant (Ab)
group, 83 OTUs met the criterion of rare taxa (R), and 5 OTUs belonged to the moderate (M) group.
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Figure 2. Microbial community compositions across all the samples are shown. Above the sample IDs,
the time series of those samples were identified (T0–T5). The color key represents bacterial taxa at class
(a,b) and order level (c,d).

The response of the microbial communities to the environmental changes was further investigated
by the Mantel test (Table 3) and the most related factors were selected by the BIOENV procedure
(Table 4). The results showed that all three assemblages were significantly correlated (p < 0.01) to
the environmental matrix (Table 1) especially the M and R (r > 0.5), which suggests that the selected
parameters had a better interpretation on a relatively lower abundance of bacterial assemblages. Cell
density of M. rubrum and D. acuminata were also included in the “environmental matrix” (Table 1) for
interpretation through the BIOENV procedure (Table 4). Out of the 11 parameters, eight were finally
selected by BIOENV for the best correlation models to interpret the Bray–Curtis distance matrices of
bacterial communities. They were M. rubrum density, Dinophysis cell density, DOC, PO4

3−, NH4
+, POP,

OA + DTX1, and PTX2. Similarly, the selected parameters were more powerful in representing the M
and R taxa (Table 4).
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Figure 4. UniFrac dissimilarities between the onset and each of the following growth phases in (a)
Dinophysis group (since Dinophysis cells were added at T1, calculations were carried out from T2) and
(b) M. rubrum control group, and (c) dissimilarities between the two groups at the same phase were
also plotted against growth phases. Three measures (unweighted, weighted, and generalized) were
color-coded and liner fitted with a 95% confidence interval.

Table 3. The Mantel test on the relationship between the bacterial community and environmental factors.

Mantel Test Pearson Correlation Spearman Correlation

Statistic r p Value Statistic r p Value

Ab taxa 0.361 0.002 0.363 0.001
M taxa 0.593 0.001 0.575 0.001
R taxa 0.520 0.001 0.542 0.001
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Table 4. BIOENV procedure on the relationship between the bacterial community and
environmental factors.

BIOENV
Pearson

Correlation
Parameters in Best Model

Spearman
Correlation

Parameters in Best Model

Ab taxa 0.340 DOC, OA + DTX1, PTX2,
M. rubrum, Dinophysis 0.287 PO4

3−, DOC, OA + DTX1,
M. rubrum, Dinophysis

M taxa 0.756 PO4
3−, NH4

+, OA + DTX1, PTX2,
M. rubrum, Dinophysis

0.729 PO4
3−, NH4

+, OA + DTX1, PTX2,
M. rubrum, Dinophysis

R taxa 0.661 POP, PO4
3−, NH4

+, PTX2,
M. rubrum

0.670 POP, PO4
3−, NH4

+, PTX2,
M. rubrum

Furthermore, Bray–Curtis dissimilarities were used to interpret the differences of the three
assemblages of microbial communities during the growth phases of Dinophysis (Figure 5a) and
Mesodinium (Figure 6a) and with the surrounding environment in a mixed culture (Figure 5b–i) as well
as in a control treatment (Figure 6b–f). In detail, during Dinophysis growth (Group A), the dissimilarity
between the M and R taxa varied significantly (p < 0.01) since the culture aged while the abundant
taxa showed no differences (Figure 5a). As for the environmental factors, the M and R taxa also
showed a more active response than the Ab taxa. These two assemblages positively correlated
(p < 0.05) with changes of M. rubrum density (Figure 5b) and particulate organic phosphorus (Figure 5e)
but showed no difference with ammonium (Figure 5c), dissolved the inorganic phosphate (PO4

3−,
Figure 5d), dissolved organic carbon (DOC, Figure 5f), or Dinophysis changes (Figure 5i). Interestingly,
accumulation of both OA + DTX1 and PTX2 led to a significant partition of those bacterial taxa in
moderate and low abundance (Figure 5g,h), which indicates the potential effects of the exposure to a
high-toxin-concentration environment when the culture aged. The Ab taxa did not change with any of
the environmental parameters. The response of the bacterial community in the Mesodinium control
(Group B) was highly active. The correlations between Bray–Curtis dissimilarities of the bacterial
community and days of cultivation were significant (p < 0.05) in all fractions (Figure 6a), M. rubrum
cell density (Figure 6b), and variances of ammonium concentration (Figure 6c), which suggests that
the bacterial community in the M. rubrum population, free of Dinophysis, would possibly be associated
with the decline of the dominant species (M. rubrum) and biogeochemical characteristics mediated
by the nutrient ammonium. Similar to the Dinophysis-Mesodinium co-culture treatment (Group A),
PO4

3− (Figure 6e) showed a positive correlation with bacteria of the M and R taxa, which suggests the
similar function of phosphate in the Dinophysis and Mesodinium predator-prey interaction. DOC may
be critical in the variance of the bacterial community over time, but the interaction was limited to the
R taxa (Figure 6f). The dominant prokaryotes in our artificial culture system were not sensitive to the
changes of organic carbon levels.
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Figure 6. Bray–Curtis dissimilarities of the bacterial community between the onset (T0) and each
of the following growth phases (T1–T5) against culture days (a) and variance of BIOENV-selected
environmental factors (b–f) in the M. rubrum control.

Lastly, dissimilarities of the bacterial communities under the two treatments with the growth
phases (Figure 7a) and all the selected factors (Figure 7b–f) were compared. Results of dissimilarities
over time (Figure 7a) were consistent with the UniFrac distance plot (Figure 4c) where generalized
distances generally implied OTUs of moderate abundance. Considering the resemblance of
environmental factors between the two groups (Table 1), the significant decrease in distance of the
0.1–1% fraction (Figure 7a, r = −0.567, p = 0.0003) may be mostly attributed to the approaching
environmental variables. Therefore, the previously detected deleterious effect of Dinophysis activity
(Figure 5g,h) may be limited to the R taxa fraction in the culture medium. The differences of the selected
factors did not appear to be responsible for the differences in the bacterial community (Figure 7c–f)
except for the M. rubrum cell density effect with which the M taxa significantly varied (Figure 7b).
The impact of M. rubrum cells on the M taxa was partly responsible for the decrease in dissimilarity
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over culture days (Figure 7a) and the largest differences of ciliate density were actually observed in
the early phases of the Mesodinium growth curve (Figure 1). In summary, dissimilarities of the R taxa
between the two groups (Figure 7) were generally higher than those of M and Ab taxas compared to
the results within each group (Figures 5 and 6), which leads to our assumption that the influence of
Dinophysis and the toxins it produces may affect those R bacterial taxa.

 

Figure 7. Bray–Curtis dissimilarities of the bacterial community between the two Groups at each
growth phases (T2–T5) against the time of cultures (a) and variance of BIOENV-selected environmental
factors (b–f).

3. Discussion

The algal–bacterial interaction has been shown to have a critical effect on bloom dynamics,
but much of the research on this subject has been limited to photosynthetic algal species [34–36]. Due to
their mixotrophic nature, Dinophysis species need to ingest Mesodinium, which is the sole determined
prey [37,38], for population growth. Field populations of the ciliate usually aggregate in the subsurface
water layers and perform diurnal vertical migration [39]. At the same time, Dinophysis species normally
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represent a small proportion of the phytoplankton community with a minor importance in relation to
major biogeochemical cycles [25,40,41]. Thus, Dinophysis blooms and the time period from Dinophysis
initiation to the M. rubrum decline is difficult to capture [10]. In the current study, we simulated an ideal
predator-prey microcosms study to estimate the biogeochemical consequences of their co-occurrence
and identify the ecological niche of bacterial communities developed during Dinophysis growth and
Mesodinium decline.

We found that the M. rubrum-Dinophysis system intensively altered the biogeochemical status of
the culture medium (Table 1). Dinophysis feeding activities accelerated the decline of the M. rubrum
population (Figure 1). The differences in microbial communities between Groups A and B were
mainly ascribed to the presence of Dinophysis cells (up to 1300 cells per mL−1) and the accumulation
of toxins or other compounds produced by Dinophysis. In addition, considering that the influence
of Dinophysis was restricted to the taxa in relatively low abundance, the dissimilarity may mainly
consist of intracellular or phycosphere bacteria given that Dinophysis cells could function as particulate
vectors or as hosts of certain bacterial species [42]. This assumption was also shown by the increased
particulate organic carbon in this study (Table 1) as well as previous experiments [14]. Furthermore,
in a study on bacterial assemblages associated with Dinophysis, it was also found that the addition
of Dinophysis culture filtrate caused no significant changes in their relative abundance while the
prokaryotic genera directly associated with Dinophysis were found in the >20-μm size fraction [31].
Species-specific grazing or deleterious effects of Dinophysis cells may also gradually shape the structure
of the bacterial community. In a recent study [23], the potential contribution of bacterivory and
bacterial remineralization to the growth of Dinophysis was calculated. It was concluded that neither of
these processes were quantitatively relevant in order to support the increased biomass observed in
the study.

Changes in nutrients and carbon content were observed in the M. rubrum–D. acuminata culture
(Group A) (Figure 1 and Table 1), but the pattern was quite similar to of M. rubrum population dynamic
itself (Group B, the control group), which indicates that ingestion by Dinophysis was unable to integrate
most of the nutrients and carbon compounds derived from the M. rubrum population. Enhancement of
secondary metabolite (DSP toxins) production was verified in Dinophysis cells [21] and in heterotrophic
microbes [32] when exposed to M. rubrum living cells as well as cell lysate, but no direct evidence has
emerged to decipher the associations among Dinophysis, microbes, and detritus in terms of nutrient
cycling [37,43]. Tong et al. [14] estimated that D. acuminata was able to assimilate 65% and 25% of the
particulate nitrogen and phosphate through predation, respectively. In the current study, the ingestion
rate (ca. 3.25 prey cells predator−1 day−1) approached the highest level of the calculated growth
rate where the predator: prey ratio was considered saturated [44]. The ingestion rate may not able
to reach a higher value due to the low growth rate of the prey. However, the amount of ingested
carbon calculated from a recently published paper [15] was about 2466.7 pg C cell−1 d−1, which is
already beyond Dinophysis needs to maintain growth [8]. Field studies also found that the Dinophysis
population preferred savaging on their prey in a short period of time [10,45].

After the M. rubrum population collapsed, the nutritional status of the culture medium was
remarkably affected, which is expressed by the elevated levels of prey ammonium and fluctuant DOC
and forms a hotspot of biogeochemical activities for the Dinophysis [40,46] and also the heterotrophic
bacteria therein [47–50]. In this case, ammonium became the key component in the nitrogen cycle
Mesodinium decline. NH4

+ concentration remained constant until the addition of Dinophysis (T1,
Table 1). A sharp increase was noticed due to a possible consequence of bacterial ammonification when
M. rubrum decayed (Figure 1). Then NH4

+ was significantly low at the late plateau phase of Dinophysis
(T4 and T5, Table 1, Mann–Whitney Rank Sum Test, p = 0.041) when compared to the Mesodinium
control. This finding is consistent with previous results showing that ammonium may lead to an
increase of field populations of Dinophysis [51] and could be assimilated, which enhances the growth
of Dinophysis at certain levels [23]. As for the other forms of nitrogen, nitrate with a moderate level
(~50 μM) was dominant in our initial culture system but was used up in the first five days (Table 1,
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phase T1). When a high concentration of nitrate, e.g., up to 200 μM, is available in the culture medium,
the availability of ammonium at lower concentrations (<2 μM) may be undetected or compensated [14].
The decay of the M. rubrum population seems unrelated to the nutrient limitation given the availability
of both nitrogen (ammonium and nitrate) and phosphate in the culture medium [32,37].

Characterized as a plastidic-specific non-constitutive mixotroph [52], Dinophysis cells mainly
retain chloroplasts from their prey and perform photosynthesis by those kleptoplastids as a carbon
source. At the same time, marine heterotrophic bacteria play a major role in incorporating,
respiring, and degrading dissolved organic carbon. However, changes of DOC concentration
in this study hardly demonstrated the dissimilarities of the microbial community (Figures 5–7),
which suggests that the heterotrophic bacteria assemblages in our culture system may exhibit a
metabolic versatility at least within the range of our DOC measurement. Moreover, bacterial
communities at large phylogenetic group levels may exhibit general outcomes when exposed to
high DOC concentrations [24]. Therefore, variation of DOC during phytoplankton dynamics may not
taxonomically drive the shift of the major microbial community. Bacterial assemblages of M taxa (>0.1%
and <1% of relative abundance) seem to be the most sensitive portion to changing the environmental
nutrient conditions (Figures 5–7). High-throughput sequencing revealed that this portion is
composed of bacterial taxa assigned to the Rhodospirillaceae, Cytophagaceae, Flavobacteriaceae,
and CHAB-XI-27 at family-level resolution. According to the 16s rDNA sequencing, Proteobacteria
(Alphaproteobacteria-Rhodobacterales and Gammaproteobacteria-Cellvibrionales dominated) and
Bacteroidetes (Sphingobacteria-Sphingobacteriales dominated) constituted more than 90% of the
relative abundance of the microbial community in the culture medium cumulatively. These results
are not surprising since only a limited number of heterotrophic bacterial lineages dominate those
eukaryotic phytoplankton-associated communities [48]. Furthermore, these bacteria lineages cover
those groups responsible for both monomer (such as amino acids) and polymer (such as chitin and
protein) degradation in the ocean [53]. Less than 100 bacterial OTUs were assigned in our culture
system, which is far less than previous field studies [45,54]. Bacterial community results from laboratory
cultures show a lower diversity of bacterial assemblages because long-term maintenance may have
eliminated those species that had already been overwhelmed and laboratory studies could avoid
invasion of accidental species that are common in field studies. This is also the reason for which some
studies exclude those rare species in their analysis [54]. The only study addressing the interaction
between a Dinophysis bloom and the microbial community revealed that, even during the peak of a
Dinophysis acuminata bloom (cell density ~1300 cell mL−1), the Dinophysis cells only accounted for 29%
of the phytoplankton community [31]. Thus, the comparison of the bacterial community between our
two groups could merely be attributed to the influence of the D. acuminata population. Our finding that
only a low abundance of bacterial species was altered during Dinophysis intensive feeding activities
indicated that, even though intense mixotrophy could remarkably drive biogeochemical dynamics,
changes of the phytoplankton population may not be reflected by changes in those abundant bacterial
phylotypes or in metabolic generalists. Moreover, connections may exist between specific species of
bacteria and Dinophysis cells. Locating these connections by using metabolite and meta-transcriptome
analysis may give us a further understanding for how these organisms interact with each other.
Establishing an axenic culture of Dinophysis and comparing physiologies with non-axenic cultures over
long-term periods may offer more robust evidence of the dependence of Dinophysis on bacteria [25].
However, attempts to purify Dinophysis and M. ruburm cells by using antibiotic treatment were not
successful either in our laboratory or after efforts devoted by other groups [31]. Novel approaches to
generate axenic algae cultures have been tested on the cyst-forming species Gymnodinium catenatum
starting from resting cysts [55] and freshwater species by using fluorescence-activated cell sorting [56].
Yet, the methods proposed may not be universal and transferable considering that Dinophysis and
M. rubrum cells are oddly shaped and fragile. More efforts are needed in the future to come up with
appropriate approaches to initiate axenic Dinophysis cultures or elegant methods to directly target
specific interactions between Dinophysis and associated bacteria.
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4. Materials and Methods

4.1. Cultures

A unicellular algal culture of D. acuminata (DAYS01) was established from cells previously isolated
from Xiaoping Island (121.53◦ E 38.83◦ N), the Yellow Sea, China in July 2014 [13]. The ciliate M.
rubrum (AND-A0711) and the cryptophyte, Teleaulax amphioxeia (AND-A0710) were isolated from
coastal waters off Huelva, Southern Spain in 2007 [57]. All cultures were routinely inoculated based
on the cryptophyte–M. rubrum–Dinophysis food chain [7,13] in f/6-Si medium, which was prepared
with 1/3 nitrate, 1/3 phosphate, 1/3 metals, and 1/3 of the vitamins concentrations in the f/2-Si
medium. Cultures were maintained at 15 ◦C under a light intensity of 3000 lux and a 14 h light:10 h
dark photo cycle.

4.2. Batch Culture Setup

A mono-algal culture of M. rubrum was maintained for a few days and gradually eaten by
Dinophysis cultures. High ambient nutrient concentrations may obscure the detection of nutritional
flows within the microbial loop. Therefore, M. rubrum were first inoculated from f/6 medium to
f/10 and then to f/20. Then six M. rubrum replicates with an initial concentration of 6000 cells
mL−1 were prepared in 5-L glass flasks to start this batch culture experiment. Dinophysis cells were
pre-starved over 14 days, filtered onto 15-μm Nitex sieves, and gently rinsed with fresh artificial
seawater to minimize carryover free living bacteria. The cells were then re-suspended in 90 mL of
artificial seawater. After 5 days of inoculation of the M. rubrum cultures, 30 mL of the previously
rinsed Dinophysis were added into three out of the six flasks (Group A). The other three M. rubrum
cultures with the addition of 30 mL of artificial seawater were designated as Group B or control.
The whole experiment was conducted at 15 ◦C under a light intensity of 3000 lux on a 14 h light:10 h
dark photo cycle.

Dinophysis and/or the ciliate subsamples were taken every 2 or 3 days and fixed with 3% (v/v)
formalin solution for microscopic enumeration in a Sedgewick-Rafter counting chamber at 100×
magnification. For bacterial analysis, the formalin-preserved samples (1 mL) were stained with 2 μL of
4′,6-diami-dino-2-phenylindole (DAPI) solution (1 mg mL−1) and filtered onto a black polycarbonate
filter (pore size: 0.22 μm, diameter: 25 mm, Millipore, Burlington, MA, USA). Then the filters were
gently removed onto a glass slide and observed at 600× by using fluorescence microscopy (DMi8,
Leica Microsystems, Buffalo Grove, IL, USA) under UV excitation.

4.3. Nutrient Sample Collection and Preparation

The growth curve was manually divided into six different growth phases. Six sampling spots
were set up to collect nutrient and toxin samples, which are, hereafter, referred to as T0—at the very
beginning of the incubation, T1—early phase following inoculation of Dinophysis, T2—the middle of
the exponential growth of Dinophysis, T3—the end of the exponential growth of Dinophysis, T4—the
depletion of M. rubrum, and T5—the end of Dinophysis growth.

For nutrients, 30-mL culture medium were filtered through pre-combusted GF/F filters (25 mm,
Whatman, Maidstone, UK) for particulate organic carbon (POC) and particulate organic phosphate
(POP) collection, respectively. The filters for POC were dried in a 60 ◦C oven for 24 h, stored at −20 ◦C,
and analyzed on an elemental Analyzer (EA3000, EuroVector S.p.A, Milan, Italy). The particulate
phosphate was converted to orthophosphate (PO4

3−) by first hydrolyzing it by the addition of 5 mL
of 5% potassium persulfate and 10 mL of Milli-Q water and then autoclaving it (121 ◦C) for 20 min.
The filtrate was used for quantifying the dissolved inorganic nutrients (DIN and DIP) and dissolved
organic carbon (DOC). Nitrate, ammonium, and phosphate were analyzed by SKALAR SAN++

Autoanalyser (SKALAR, Breda, The Netherlands). DOC concentration was determined by using
a TOC Analyzer (Multi C/N 3100, Analytik Jena, Jena, Germany). All analyses were conducted
following the protocols of the manufacturers.
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4.4. Toxin Analysis

Dinophysis cells and culture medium were separated for toxin analysis. Between 10 and 30 mL of
culture medium was harvested and analyzed for toxins since the inoculation day (T1) of Dinophysis cells.
The medium was kept in 50-mL centrifuge tubes and stored at −20 ◦C before extraction. Solid-phase
extraction (SPE) was employed [13,58] for the extraction of cells or medium samples. The SPE column
(Oasis HLB 60 mg, Waters, Milford, MA, USA) was preconditioned with 6 mL of methanol and 6 mL
of Milli-Q water. Once the cells or medium samples were loaded, the cartridge was washed with 3 mL
of Milli-Q water and then blow-dried and eluted with 1 mL of methanol to collect the toxins into an
HPLC vial. Eluates from the samples were then heated at 40 ◦C in a heating block (HP-S016SY), dried
under a stream of N2, and re-suspended in 1 mL of 100% methanol for toxin analysis.

Toxin analysis was performed on an UltiMate 3000 LC (Thermo ScientificTM DionexTM, Waltham,
MA, USA) and an AB 4000 mass spectrometer system (SCIEX, Framingham, MA, USA) with
electrospray ionization. PTX2 was analyzed in positive mode, while OA and DTX1 were analyzed in
negative mode. Chromatographic separation was performed by using a Waters XBridgeTM C18 column
(3.0 × 150 mm, 3.5-μm particle size) (Milford, MA, USA) at 40 ◦C for a negative mode. The mobile
phase consisted of phase A, 0.05 v/v % ammonia hydroxide in water, and phase B, 0.05 v/v % ammonia
hydroxide in 90% acetonitrile with a flow rate of 0.4 mL min−1 and 10 μL injection. A linear gradient
elution from 10% to 90% B was run for 9 min, held for 3 min at 90% B, decreased to 10% B for 2 min,
and held at 10% B for 4 min to equilibrate at the initial conditions before the next run. In a positive
mode, a Waters XBridgeTM C18 column (2.1 × 50 mm, 2.5-μm particle size) at 25 ◦C was used for
chromatographic separation. A linear gradient from 10% to 80% acetonitrile containing a constant
concentration of buffer (2 mM ammonium formate and 50 mM formic acid) was run between 0 min
and 9 min and held at 80% acetonitrile for 2 min at a flow rate of 0.3 mL min−1. Standards for OA,
DTX1, and PTX2 were purchased from the National Research Council, Canada.

4.5. DNA Extraction and Illumine Sequencing

At each time spot, a 120 to 150 mL culture medium was retrieved and filtered by using a
0.22-μm cellulose filter. Then the filters were folded and stored at −80 ◦C. Total genome DNA
was extracted by using GenJET Genomic DNA Purification Kits (Thermo Scientific, Waltham, WA,
USA) following the protocols of the manufacturer. Bacterial amplicons were produced by targeting
the 16S V3-V4 hypervariable region with universal primers 343F (5′-TACGGRAGGCAGCAG-3′) and
798R (5′-AGGGTATCTAATCCT-3′). The amplicon quality was visualized by using gel electrophoresis,
which was purified with AMPure XP beads (Agencourt) and amplified for another round of PCR.
After being purified with the AMPure XP beads again, the final amplicon was quantified by
using Qubit dsDNA assay kits. Equal amounts of purified amplicons were pooled for subsequent
sequencing. The amplicon libraries were then sequenced on an Illumina MiSeq platform (Shanghai OE
Biotechnology Co., Ltd., Shanghai, China).

4.6. Bioinformatics Analysis

Paired-end reads were preprocessed by using Trimmomatic software [59] to detect and cut off the
ambiguous bases (N), barcodes, primers, and low-quality sequences. After trimming, paired-end reads
were assembled by using FLASH [60]. Valid tags were subjected to clustering to generate operational
taxonomic units (OTUs) using VSEARCH software (Version 2.4.2) at a 97% similarity setting [61].
The representative sequence of each OTU was selected by using the QIIME package. Representative
reads were annotated and blasted against the Silva database (Version 123) using the ribosome database
project (RDP) classifier with a confidence threshold of 70%. Sequences were submitted to the NCBI
Sequence Read Archive with the accession number SRR6048156.

Package phyloseq [62] in R (http://www.Rproject.org, v. 3.3.3) was used to perform alpha
and beta diversity calculations and to visualize the results of dimensional reduction approaches
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(nonmetric multidimensional scaling, NMDS). UniFrac distance matrices (weighted, unweighted,
and generalized) were calculated with the R package GUniFrac [63] based on the OTU table and
the phylogenetic tree. Note that the OTU table was square-root transformed and the explanatory
matrix was z-score-transformed in R before the statistic procedures. To characterize the potential
functions of different bacteria groups, we defined “abundant” (Ab) and “rare” (R) OTUs with
the criteria of the average relative abundance across all the samples above 1% and below 0.1%,
respectively [64]. The rest of the bacterial lineages (>0.1% and <1%) were assigned to a “moderately
abundant” (M) group. The BIOENV procedure was implemented to identify the subset of a set
of explanatory variables (nutrients profile, toxin content, and mixotrophs density). The Euclidean
distance matrix of this correlates maximally with the Bray–Curtis compositional dissimilarity matrix
of the OTU table. The Mantel test was also run with 999 permutations to check whether the subset of
explanatory variables was able to capture the variation of bacterial communities from the three fractions.
The BIOENV procedure and Mantel test on the three matrices (abundant, moderately-abundant,
and rare fraction) were achieved by using relevant functions in the R package vegan [65]. Bray–Curtis
dissimilarities of abundant (Ab), moderately abundant (M), and rare taxa (R) among samples
were plotted against differences of explanatory variables (subtraction between samples) selected
via BIOENV.
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Abstract: Kleptoplastic mixotrophic species of the genus Dinophysis are cultured by feeding with the
ciliate Mesodinium rubrum, itself a kleptoplastic mixotroph, that in turn feeds on cryptophytes of the
Teleaulax/Plagioselmis/Geminigera (TPG) clade. Optimal culture media for phototrophic growth of
D. acuminata and D. acuta from the Galician Rías (northwest Spain) and culture media and cryptophyte
prey for M. rubrum from Huelva (southwest Spain) used to feed Dinophysis, were investigated.
Phototrophic growth rates and yields were maximal when D. acuminata and D. acuta were grown in
ammonia-containing K(-Si) medium versus f/2(-Si) or L1(-Si) media. Dinophysis acuminata cultures
were scaled up to 18 L in a photobioreactor. Large differences in cell toxin quota were observed in the
same Dinophysis strains under different experimental conditions. Yields and duration of exponential
growth were maximal for M. rubrum from Huelva when fed Teleaulax amphioxeia from the same region,
versus T. amphioxeia from the Galician Rías or T. minuta and Plagioselmis prolonga. Limitations for
mass cultivation of northern Dinophysis strains with southern M. rubrum were overcome using more
favorable (1:20) Dinophysis: Mesodinium ratios. These subtleties highlight the ciliate strain-specific
response to prey and its importance to mass production of M. rubrum and Dinophysis cultures.

Keywords: Dinophysis; Mesodinium; cryptophytes; predator-prey preferences; Diarrhetic Shellfish
Toxins (DST); pectenotoxins (PTXs); mixotrophic cultures; mass culture conditions

Key Contribution: Phototrophic growth of D. acuminata and D. acuta was maximal in ammonia-
containing K media; ciliate M. rubrum and its cryptophyte prey had higher growth rate and yields
with f/2(-Si). Sustained growth and yields in mixotrophic cultures of Dinophysis were maximal when
M. rubrum was grown with the cryptophyte T. amphioxeia from the same location as prey; additionally,
high growth rates were achieved with high ratios of prey (1:20, Dinophysis: M. rubrum) grown with
T. minuta and P. prolonga.

1. Introduction

Several mixotrophic species of the genus Dinophysis produce one or two groups of lipophilic
toxins: (i) okadaic acid (OA) and its derivatives, the dinophysistoxins (DTXs), and (ii) pectenotoxins
(PTXs) [1,2]. The OA and DTXs, known as Diarrhetic Shellfish Poisoning (DSP) toxins, are acid
polyethers that inhibit protein phosphatase and have diarrheogenic effects in mammals. The PTXs are
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polyether lactones, some of which are hepatotoxic to mice by intraperitoneal injection [3]. Their toxicity
has been questioned, since they do not appear to be toxic when ingested orally [4]. Nevertheless,
they are still subject to regulation in the European Union (EU). The two groups of toxins, OA related
toxins and PTXs, can now be analyzed with independent analytical methods, which have led the EU
to regulate them separately [5].

DSP toxins pose a threat to public health, and together with PTXs, cause considerable losses to
the shellfish industry globally [6,7]. Harvest closures are enforced when toxin levels exceed local
regulatory limits (RL). Dinophysis blooms, in particular those of D. acuminata and D. acuta, are persistent
in western Iberia (Spain and Portugal). Contamination of shellfish with Dinophysis toxins above the
RL can last up to nine months in the most affected aquaculture sites [8,9]. Harmful algal blooms
(HABs), in particular Dinophysis blooms, cannot be eliminated, therefore, more detailed knowledge of
the conditions affecting Dinophysis growth and toxin production is crucial to improve risk forecasting.
Forecasts can help the shellfish industry schedule harvest plans and help mitigate the deleterious
impacts of such blooms.

Protection of public health and seafood safety control require the implementation of costly
monitoring systems; these include frequent toxin analyses of all commercially exploited shellfish
species with sophisticated analytical instruments, such as liquid chromatography coupled to tandem
mass spectrometry (LC–MS/MS) [8,9]. These chemical methods require pure certified toxin standards
for the analyses, which are difficult to obtain or are yet to be developed. Successful cultivation of
Dinophysis in the laboratory is instrumental for addressing these shortfalls. Of particular importance
is the optimization of mass production of Dinophysis to allow isolation and purification of toxins.
Further, some Dinophysis toxins may have a wide spectrum of applications. For example, PTX2 has
been found to cause a selective apoptosis of carcinogenic cells [10,11], and currently, protocols for the
mass production of D. acuminata in Korea to obtain PTX2 for the pharmaceutical industry have been
patented [12].

For years, the establishment of Dinophysis cultures challenged microalgal physiologists. Dinophysis
species were found to bear unusual plastids containing pigments—phycoerythrins—and a structure
similar to those of cryptophyte microflagellates [13]. Attempts to grow them with conventional culture
media used for dinoflagellates, with addition of dissolved organic matter or even with bacteria were
unsuccessful [14]. The observation of ciliate remains in the digestive vacuoles of D. acuminata and
D. norvegica confirmed their mixotrophic nature [15]. The next breakthroughs came with the application
of molecular tools. DNA sequences of the plastid SSU rRNA gene of Dinophysis were found to coincide
with those from living cryptophytes closely related to Geminigera cryophila [16]. A correlation between
Dinophysis and cryptophyte cell densities in the field, estimated with molecular probes, was found [17],
but attempts to grow Dinophysis directly fed with cryptophytes were unsuccessful [18].

Further studies showed that partial sequences of the plastid psbA gene and the ribosomal
16S rRNA gene from Dinophysis species were identical to the same loci in living cryptophyte
Teleaulax amphioxeia. These findings raised the suspicion that Dinophysis plastids were stolen plastids
(kleptoplastids). The key question was whether Dinophysis acquired these kleptoplastids through an
intermediate organism [19]. A few years earlier, the first culture of the phototrophic ciliate M. rubrum to
feed the cryptophyte Geminigera cryophyla was achieved [20]; its feeding behavior taking up crytophytes
(T. amphioxeia) through an oral cavity was described [21]. Finally, the first successful culture of
D. acuminata using the ciliate M. rubrum, grown with T. amphioxeia as prey was established. Dinophysis
was found to feed on M. rubrum by myzocytosis, a type of phagotrophy where the predator pierces the
prey with a feeding peduncle and sucks its content. After the feeding process, Dinophysis appeared full
of digestive vacuoles, but the prey plastids were retained and used as kleptoplastids [22].

Since then, cultures of several Dinophysis species—D. acuta [23], D. caudata [24], D. fortii [25],
D. infundibulus [26], D. sacculus [27], and D. tripos [28]—have been established via this three-species
chain of serial kleptoplastidy, i.e., cryptophyte plastid acquisition from the TPG clade (Teleaulax/
Plagioselmis/Geminigera) to M. rubrum, which in turn provides plastids to Dinophysis. Small-volume
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cultures, ranging from a few mL in multiwell plates to Erlenmeyer flasks of 250 mL, based on the same
kind of mixotrophic nutrition, were set up to carry out physiological, toxinological and genetic studies.
These Dinophysis species were cultivated with the ciliate M. rubrum fed two cryptophytes belonging
to the TPG clade (i.e., Teleaulax amphioxeia or Geminigera cryophila) using full or diluted f/2 [29] or L1
medium [30].

The mass production of D. acuminata to obtain pectenotoxins, including production of the ciliate
M. rubrum and cryptophyte of the genus Teleaulax to feed Dinophysis, has been addressed and the
results patented. Nevertheless, the exact details of the Teleaulax species used to feed M. rubrum were
not provided in the patent description [12]. Maintaining a balance between the three species of the
‘cryptophyte–ciliate–dinoflagellate’ food chain is difficult, because each has different requirements.
These requirements range from the purely autotrophic T. amphioxeia, to mixotrophic M. rubrum and
Dinophysis species, which require light and live prey for sustained growth [31–33]. Nevertheless,
M. rubrum only needs to ingest 1–2% of its daily carbon intake from its prey to attain maximum growth,
whereas Dinophysis species require ~50% for the same purpose [31]. Both M. rubrum and Dinophysis
species can survive for months in the light without food, and their light preferences are different from
the cryptophytes [33].

This work is a compilation of original observations and problems frequently faced in the
maintenance and optimization of Dinophysis, M. rubrum, and cryptophyte cultures. Observations
are from strain maintenance in the culture collection and experiments carried out at the IEO-Vigo
laboratory, Nantes, France [34] and Naples, Italy [35] where the same Dinophysis and M. rubrum
strains were used. The objectives of this work were: (i) to optimize culture medium for Dinophysis
(D. acuminata and D. acuta) from the Galician Rías (northwest Spain), the ciliate prey M. rubrum
from Huelva (southwest Spain) and different cryptophyte prey species; (ii) to estimate growth and
yields of M. rubrum grown with cryptophyte species different from T. amphioxeia; and (iii) to optimize
cryptophyte prey for M. rubrum for maximal Dinophysis growth and yield.

2. Results

2.1. Optimizing Culture Medium for Phototrophic Growth of D. acuminata and D. acuta

The objective of this experiment was to test which of the three culture media (f/2 [29], L1 [30] and
K [36]) was best for the phototrophic growth (no prey added) of D. acuminata (VGO1391) and D. acuta
(VGO1065) from the Galician Rías (northwest Spain), and if the best medium for Dinophysis growth
coincided with the best for their ciliate prey M. rubrum (AND-A071) from Huelva (southwest Spain).

Dinophysis acuminata cell densities increased moderately the first 7–10 days with the three
treatments. From day 14 onwards, cultures grown with diluted (1:2) f/2 and L1 media started to
decline. Cultures with diluted (1:2) K(-Si) medium showed 7-d stationary phase (day 7 to 14) followed
by exponential growth (μ = 0.15 d−1) until day 28, reaching 619 cells mL−1. By day 42, cell density
in cultures with K(-Si) medium was 390 cells mL−1 (mean), whereas no cells were observed in the
cultures with diluted f/2 and L1 media (Figure 1A). Therefore, duration of exponential growth was
14 d longer and the final yield was significantly higher (p = 1.3 × 10−6) in D. acuminata cultures with
K(-Si) medium.

Regarding D. acuta, maximal growth rate—also obtained with K(-Si) medium—was extremely
low (μ = 0.06 d−1) and positive growth lasted seven days only. Differences between treatments were
not statistically significant (p = 0.67) (Figure 1B). Phototrophic (no cryptophyte prey added) growth
rates of the prey, M. rubrum, with the three different culture media in 250 mL at 15 ◦C were similar for
the duration of the experiment, but the initiation of the exponential decline was later (day 7) and the
final yield maximal (p < 0.02) with f/2(-Si) medium (Figure 2).
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Figure 1. Phototrophic growth (prey-depleted) of Dinophysis species with three different diluted (1:2),
Si free culture media (L1, f/2 and K). (A) D. acuminata (VGO1391) and (B) D. acuta (VGO1065). Bars
represent standard error.

 

Figure 2. Phototrophic growth (no cryptophyte prey) of M. rubrum (AND-A071) cultures (previously
fed with T. minuta, CR8EHU) with different Si free enrichment media (K, f/2, L1 and diluted, 1:20, L1).
Bars represent standard error.

2.2. Growth and Cell Toxin Quota in 4 L Mixotrophic Cultures of D. acuminata and D. acuta

Scaled-up (4 L) mixotrophic cultures of D. acuminata and D. acuta with full K(-Si) medium and
addition of M. rubrum (AND-A071) prey showed maximal growth rates of μ = 0.33 d−1 and 0.26 d−1

respectively in short-term experiments at 19 ◦C and a 16:8 light:dark cycle. Final yields by day 8 were
2287 cells mL−1 for D. acuminata and 883 cells mL−1 for D. acuta (Figure 3). Toxin contents were 9.9 pg
OA cell−1 in D. acuminata and 7.7 pg OA + 2.9 pg DTX2 + 8.2 pg PTX2 cell−1 in D. acuta (Table 1).

2.3. Optimization of M. rubrum Prey

Mixotrophic growth of M. rubrum from Huelva (southwest Spain), fed with different species of
the TPG clade from different Spanish regions was tested. Growth curves of M. rubrum, previously
grown with P. prolonga in K(-Si) medium, showed a lag phase of more than 10 days in mixotrophic
cultures while being fed two different strains of cryptophye T. amphioxeia: strain AND-A070 from
Huelva (southwest Spain) and strain VGO1392 from the Galician Rías (northwest Spain) respectively
(Figure 4A). This was followed by a moderate (μ = 0.18 d−1 between day 16 and 28) exponential
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growth until day 35, and an abrupt decline after reaching the maximal yield (30–50 × 103 cells mL−1)
in cultures fed T. amphioxeia, strain AND-A070, i.e., from the same area as the ciliate. Final yields in
M. rubrum cultures fed the same cryptophyte species, T. amphioxeia strain VGO1392, but from northwest
Spain, were three times smaller. Growth rates with this strain were lower and comparable with those
observed in cultures fed with T. minuta (p = 0.02) (Figure 4B). In fact, the growth curves of M. rubrum
cultures fed T. amphioxeia from northwest Spain and T. minuta showed very similar patterns and both
reached the maximal yield after three weeks. Cultures fed P. prolonga with K(-Si) medium showed
a moderate growth (μ = 0.17 d−1) between day 9 and 16, and entered a plateau phase on day 19,
followed by a fast decline (Figure 4C). Cultures of M. rubrum with P. prolonga in diluted (1:20) L1(-Si)
medium, used as an internal control, exhibited a maximal yield slightly lower than those fed the same
cryptophyte with K(-Si) medium, but growth rate over the first two weeks was very low and it took an
additional week to reach the maximal yield.

 

Figure 3. Growth curves of mixotrophic cultures of D. acuminata (VGO1391) and D. acuta (VGO1065)
(fed M. rubrum, AND-A071) grown with P. prolonga, CR10EHU) with K(-Si) medium in 4 L flasks at
19 ◦C and a 16L:8D cycle. Bars represent standard error (n = 9).

2.4. Optimal Cryptophyte Prey for M. rubrum and Dinophysis:Mesodinium (D:M) Ratio for Highest
Dinophysis Growth and Survival

Dinophysis acuminata was able to grow with M. rubrum fed four cryptophyte species growing in
diluted (1:20) L1 medium. Growth rate, and in particular final yield of D. acuminata achieved with
M. rubrum fed T. amphioxeia, strain AND-A070 (μ = 0.36 d−1; 1.11 × 103 cells mL−1), were higher than
those with T. minuta (μ = 0.33 d−1; 0.82 × 103 cells mL−1), T. gracilis (μ = 0.27 d−1; 0.68 × 103 cells
mL−1), and P. prolonga (μ = 0.30 d−1; 0.81 × 103 cells mL−1) (p = 0.016) (Figure 5A). Differences were
more marked in the case of D. acuta grown with M. rubrum fed T. amphioxeia (AND-070). These cultures
showed four weeks of sustained exponential growth phase (μ = 0.2 d−1), from day 10 to 38, and a
final yield of 1.21 × 103 cells mL−1. In contrast, shorter exponential growth phase and about half the
final yield were achieved in cultures with the same species fed: T. amphioxeia (VGO1392) (μ = 0.26 d−1;
yield: 0.43 × 103 cells mL−1), P. prolonga (CR10EHU) grown with full K(-Si) medium (μ = 0.23 d−1;
0.54 × 103 cells mL−1) and P. prolonga with diluted (1:20) L1 (μ = 0.22 d−1; 0.5 × 103 cells mL−1)
(p = 1.3 × 10−15) (Figure 5B). Thus, a longer exponential phase and a 2-fold higher yield were obtained
in D. acuta cultures with M. rubrum fed the T. amphioxeia (AND-A070) from the same location. Results
from D. acuta cultures with M. rubrum fed P. prolonga were about the same whether the ciliate +
cryptophyte had been growing with K(-Si) medium or with diluted (1:20) L1(-Si) medium.
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Figure 4. Growth of M. rubrum (AND-A071) fed three cryptophyte species with K(-Si) medium:
(A) T. amphioxeia strains from Vigo (VGO1392) and Huelva (AND-A070); (B) T. minuta (Cr8EHU), and
(C) P. prolonga (Cr10EHU) from the Basque Country, north Spain, with K(-Si) and L1/20 (-Si) culture
media. Bars represent standard error.

 

Figure 5. Growth of Dinophysis species with M. rubrum (AND-A071) fed different crytptophyte species.
(A) D. acuminata with M. rubrum fed T.amphioxeia (AND-A070), T. minuta (Cr8EHU), T. gracilis (Cr6EHU),
and P. prolonga (Cr10EHU). (B) D. acuta with M. rubrum fed two crytptophyte species: T. amphioxeia
(AND-A070, VGO1392) and P. prolonga (Cr10EHU). Bars represent standard error.
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Figure 6. Growth of D. acuminata (VGO1391) fed M. rubrum (AND-A071) grown with T. minuta
(CR8EHU) and K(-Si) medium with different predator:prey ratio. (A) D. acuminata:M.rubrum 1:10 and
(B) D. acuminata:M. rubrum 1:20. Bars represent standard error.

Dinophysis acuminata cultures fed M. rubrum (which in turn was fed T. minuta) with a 1:20 D:M
ratio, showed a higher growth rate (μ = 0.28 d−1), a two-fold higher final yield (4000 cells mL−1), and
seven more days of sustained exponential growth as compared with the same strain of D. acuminata
(μ = 0.21 d−1) fed with a 1:10 D:M ratio (Figure 6).

2.5. Mass Cultivation and Total Toxin Yield of Dinophysis in 30 L Photobioreactors

A final yield of 0.77 × 103 cells mL−1 of D. acuminata was obtained after 20 d of culture with a
final volume of 18 L. Maximal growth rate achieved, between days 6 and 8 was 0.28 d−1 (Figure 7).
LC–MS/MS analysis of total toxins (particulate and dissolved) adsorbed with the Diaion®resins
revealed a content of 22.3 ng OA mL−1, corresponding to 770 cell mL−1 of D. acuminata and the
extracellular toxins released in the culture medium.

Figure 7. Cultures of D. acuminata with M. rubrum fed T. amphioxeia in a 30 L photobioreactor (right hand
picture) with K(-Si) medium at 18 ◦C. Blue line indicates changes in volume in the photobioreactor.
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2.6. Dinophysis Vertical Distribution in the Culture Vessels

In small- (≤250 mL) and medium- (several L) volume cultures of Dinophysis, cells were usually
distributed in the bottom of the container. When depleted prey was replenished, observation of the
cultures with the inverted microscope showed that Dinophysis cells swam upwards to catch M. rubrum.
Otherwise, in samples collected after a gentle but thorough shaking of the containers to estimate
cell densities, it was common to observe prey cells still attached to Dinophysis through a feeding
peduncle. In contrast, in the large volume (up to 25 L) cultures in the bioreactor, Dinophysis cells could
be observed in the water column forming patches above the level of the black plastic ring that protects
the base of the metacrylate bioreactor (Figure 7) and in the air–water interface.

2.7. Nanoflagellate Contamination

Not infrequently, mixotrophic cultures of Dinophysis appeared contaminated with a tiny (~10 μm)
nanoflagellate. Its growth became out of control and smothered M. rubrum cultures when either full
f/2 or L1 media were used. The use of diluted (1:20) L1(-Si) medium, often used to control overgrowth
of the cryptophyte in mixotrophic cultures of M. rubrum, proved to be effective in controlling the
contaminating nanoflagellate. Mass cultures of Dinophysis became contaminated sometimes with it.
In those cases, Dinophysis toxins from the cells and culture medium were cropped with the adsorbing
Diaion®resins before the culture started to decline. The contaminating nanoflagellate was established
in culture, sequenced, and identified as an undetermined chrysophyte species of the genus Ochromonas.

2.8. Sequencing and Phylogenetic Analysis

Partial plastid 23S rDNA sequences (373 base pairs, bp) of T. amphioxeia (strains AND-A070
from Huelva and VGO1392 from Vigo) and P. prolonga (CR10EHU, north Spain) cultures, M. rubrum
(cultivated strains AND-A071 from Huelva and isolated field specimens from Vigo) and Mesodinium
major and Dinophysis isolated specimens from the Galician Rías (see isolation dates in Table 2) were
almost identical (Table 2). In fact, a single base pair (bp) difference (out of the 373) was found in the
amplified region between the plastids of M. rubrum and T. amphioxeia from Huelva versus those from
the Galician specimens (M. rubrum, M. major, and T. amphioxeia). Plagioselmis prolonga, from the Basque
country, differed in one additional base pair from these organisms (Figure 8).

Table 2. Alignment of the first 100 bp from the partial (373 bp) plastid 23S rDNA of T. amphioxeia
(strains from Huelva and Vigo) and P. prolonga (Basque Country, north Spain) cultures, M. rubrum
(cultivated strains from Huelva and isolated cells from Vigo), M. major, and Dinophysis cells isolated
from water samples collected in Ría de Vigo and Ria de Pontevedra (Galician Rias Baixas, northwest
Spain). The whole 373 bp partial plastid sequence was identical except in positions 79 and 90 shown
here. These correspond to positions 2123 and 2134 in the whole plastid 23S rRNA gene (referred to
Rhodomonas salina, NCBI Reference Sequence: NC_009573.1).
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Figure 8. Maximum-likelihood (ML) tree inferred from partial plastid 23S rDNA sequences of
D. acuminata, D. caudata, T. amphioxeia, M. rubrum, P. prolonga, and M. cf. major. Support at internal
nodes is based on bootstrap values of ML methods with 1000 resamplings. Guillardia theta was added
as outgroup to root the tree. Scale bar indicates number of substitutions per site.

3. Discussion

3.1. K(-Si) Medium Best for Dinophysis Growth

The most recent research with Dinophysis cultures has been carried out using full or diluted
f/2 medium [29] for the dinoflagellate, the ciliate, and the cryptophytes, and in a few cases, L1
medium [30]. These enrichment media have only nitrate as a nitrogen source. Earlier studies showed
that inorganic nutrients (nitrates and phosphates) provided in the culture medium were not used
by D. acuminata and led to the conclusion that this species fulfilled its nitrogenous and phosphorous
needs from ingested ciliate prey [37]. Incubation of field populations during a D. acuminata bloom
in the Benguela upwelling system, South Africa, with radiolabeled (N15) nitrogenous compounds
had shown this species had a great affinity for regenerated N compounds, such as ammonium and
urea [38]. Culture incubations confirmed D. acuminata preference for ammonia, urea, and other organic
forms of nitrogen rather than nitrate (new production) [39]. Recent studies found similar results and an
apparent inability to use nitrate in cultures of the D. acuminata and D. acuta strains used in the present
study [40]. These results led us to test K(-Si) medium [36] for Dinophysis cultivation, because it is the
only one, among the commonly used culture media for dinoflagellates, which includes ammonium in
the form of ammonium chloride (NH4Cl) as a nitrogen source. This better explains the results obtained,
in terms of growth rate and yield, in phototrophic cultures of D. acuminata when using this culture
medium (Figure 1A).

Growth rate (μ < 0.1 d−1) and yields (<400 cells mL−1) obtained in phototrophic cultures of
D. acuta grown with K(-Si) medium (experiment 1) were very poor (maximum of one doubling of
the population), and slightly higher than with f/2 and L1 media (Figure 1B). This strain of D. acuta
(VGO1065) had shown lower division rates than D. acuminata in all previous studies [40]. But the
same strain of D. acuta showed a much higher growth (μ = 0.26 d−1) in the second experiment, where
ciliate prey was supplied (mixotrophic growth), temperature (19 ◦C) was 4 ◦C higher, and the cycle
had 4 h additional light. There is not enough information available to reach definitive conclusions,
but a preliminary interpretation is that D. acuta, a late summer species in Western Europe, grows
better with higher temperatures. Additionally, it can be speculated that heterotrophic growth is
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more important in D. acuta than in D. acuminata. This last hypothesis agrees with results obtained by
García-Portela et al. [33], who found D. acuta had a much higher survival (30% of the initial population)
than D. acuminata (10%) after four weeks in dark conditions. This hypothesis implies that D. acuta will
suffer more from lack of prey than D. acuminata. In addition, the same D:M ratio was provided, in all
the experiments, to the two species, although D. acuta is three times larger in terms of biovolume [33].

To date, culture experiments have grown both the ciliate M. rubrum and its cryptophyte prey in f/2
medium [41–46]. In our work, cellular yields of M. rubrum were similar with K and f/2 media. The three
culture media tested here (f/2(-Si), L1(-Si), and K(-Si)) have extremely high (880 μM) concentrations
of nitrates. This excess of inorganic nutrients favors the autotrophic cryptophytes (e.g., Teleaulax),
with a much higher growth rate than M. rubrum and Dinophysis. A frequent problem is that Teleaulax
overgrows and even smothers M. rubrum cultures. This problem is exacerbated when the cryptophyte
species/strain chosen is not the best ciliate’s prey and grazing rates are lower [42,43]. This explains the
common use of diluted f/2 medium in Dinophysis and M. rubrum culture experiments [33,34,41] in an
attempt to prevent Teleaulax taking over.

In summary, K(-Si) is the best enrichment medium for growing Dinophysis, whether in small
containers or in medium-scale volumes in photobioreactors. The use of diluted (1:20) L1(-Si) medium
seems a good choice for long-term maintenance of M. rubrum and Dinophysis cultures. Despite showing
lower cell densities than with full strength media, Dinophysis cells continue to grow and the risk of
proliferation of Ochromonas and other contaminating small flagellates is reduced.

3.2. Optimal Cryptophyte Prey for M. rubrum Growth

M. rubrum cultures showed different lag phase patterns in response to the different cryptophyte
prey provided. The M. rubrum culture used as inoculum had been fed with P. prolonga before three
weeks of starvation preceding the experiment. Our initial interpretation is that M. rubrum inoculum
was still adapted to grow with its most recent P. prolonga prey. It has been shown that M. rubrum can
grow with different species belonging to the TPG clade, and that old plastids are replaced when a new
prey species is provided [44,45]. Plastid replacement from T. amphioxeia to T. acuta took approximately
two weeks in an earlier study and occurred when M. rubrum was fed with only the other Teleaulax
species [44]. Thus, after a period of adaptation M. rubrum plastids reflect those of the new prey [44,45],
but the length of the adaptation period will vary with different cryptophyte prey provided. Therefore,
the inoculum cells of M. rubrum probably had all their plastids replaced from P. prolonga when
experiment 3 began. This would explain the better performance of M. rubrum cultures fed P. prolonga
in the first two weeks while in the other cultures, M. rubrum specimens were progressively replacing
their old P. prolonga plastids with those from the new cryptophyte prey provided. But after M. rubrum
replaced its plastids with those from the new prey, there was a remarkable change of trends. Thus,
cultures of M. rubrum with P. prolonga (CR10EHU), T. minuta (CR8EHU), and the T. amphioxeia strain
(VGO1392) from the Galician Rías reached similar final yields on day 23. In the meantime, M. rubrum
cultures fed T. amphioxeia (AND-A071) from the same region as M. rubrum continued a sustained
exponential growth (μ = 0.18 d−1) for at least 12 more days, and reached a final yield 3-fold higher
(up to 5 × 104 cell mL−1) than the cell maxima attained with the other cryptophyte prey. These results
agree with those reported by other authors who showed higher yields and growth rates for M. rubrum
fed T. amphioxeia compared to other cryptophyte species [42,44].

It is worth highlighting that M. rubrum reached a much higher growth rate and final yield in
cultures fed T. amphioxeia (AND-A070) from Huelva (southwest Spain) than with the same species,
T. amphioxeia (VGO1392), with an identical partial plastid sequence, but from a different geographic
area (Figure 8). The strain of M. rubrum (AND-A071) used in all the experiments was also isolated
from Huelva. It has been claimed that M. rubrum exhibits genus-level but not species-level cryptophyte
prey selection [44]. In the present work M. rubrum was grown with different species of Teleaulax and
Plagioselmis, but best growth and yield were attained with the T. amphioxeia strain from the same
location as the ciliate. It is possible that local adaptation allows a predator to recognize prey from
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the same geographical area. Alternatively, the two strains, despite having identical partial plastid
sequences, may have other genetic differences that the southern strain of M. rubrum is able to recognize.

Attempts to establish cultures of our local strains of M. rubrum and M. major from the Galician
Rías to test these hypotheses have been unsuccessful. But we must note here that some of the densest
Dinophysis cultures cited in the literature [22,24,47] are fed with M. rubrum and its T. amphioxeia prey
isolated from the same locality as the dinoflagellate. The partial plastid 23S rDNA sequence from the
Galician Mesodinium species (M. rubrum and M. major) coincides with that from field specimens of
Dinophysis, and is 1 bp different from T. amphioxeia [45]. This sequence does not coincide with any other
from the TPG cryptophytes known in the region. It is quite possible that we will not be able to establish
successful cultures of our local strains of Mesodinium until we isolate a Teleaulax-like cryptophyte with
the same partial plastid 23S rDNA sequence.

3.3. Best Results with Mass Production of Dinophysis and Other Considerations

Some of the best results so far attained with D. acuminata cultures in our laboratory, in terms of
sustained exponential growth (3 weeks) and high yields, were obtained using M. rubrum fed T. minuta,
with a very favorable (1:20) predator:prey ratio (Figure 6). This fact suggests that the lack of our own
optimal cryptophyte prey may be to some extent compensated by using a high M. rubrum:Dinophysis
ratio. Until now, most laboratory studies applied a D:M ratio of 1:10 [41,42,46]. However, in the
experiments reported by these authors, M. rubrum was added to the cultures every three to 14 days,
while in our experiments M. rubrum was all added the first day of the experiment.

To our knowledge, this is the first report of a D. acuminata culture in a photobioreactor. Dinophysis
acuminata numbers increased 7-fold in 20 days (from 2 × 106 to 13.8 × 106). These are not very
high values and they could have been improved had our production of Mesodinium been better at
that moment. But results from earlier studies confirmed here have shown that a good (1:10) D:M
ratio is a key factor to achieve high dinoflagellate yields [41,42]. There is limited literature regarding
the distribution of Dinophysis cells through the culture vessel. In our study, D. acuminata cells were
aggregated at the base of the small-scale culture flasks but were swimming in the water column
forming patches in the photobioreactor. This response may reflect a difference in the availability of
light between the two culture systems. By design, the photobioreactors are light limited at the base
(Figure 7), which may have triggered a phototropic response of the cells, resulting in vertical migration
towards the upper illuminated layers.

3.4. Variability in Dinophysis Cell Toxin Quota and Culture Strategies

This work was focused on the growth of two species of Dinophysis and M. rubrum in culture.
However, often the purpose of high biomass cultures is to have a clean and reliable source of toxins
needed to prepare standards for chemical analyses in monitoring programs. Earlier studies in the
Swedish fjords and the Galician Rias showed changes of one order of magnitude in the toxin content of
the same species throughout their growing season [48,49]. Maximal toxin per cell was usually found at
the stationary phase, both in the field [48–50] and laboratory experiments [51,52], due to an imbalance
between toxin production and reduced division. This imbalance resulted in an increased toxin per-cell
(particulate) accumulation but also to higher levels of extracellular toxins. The latter could represent
a very high percentage of the total amount of toxins produced by the cells in the field [50] and in
laboratory experiments [51,52].

Values of toxin per cell observed under different experimental conditions, working with the same
strains of D. acuminata and D. acuta (this work and other studies discussed below), also revealed a large
variability (Table 1). In addition to the already cited imbalance between growth and toxin production,
leading to the highest cell toxin quota, some other factors can be envisaged from the values depicted
in Table 1. For example, prey-limited cells of D. acuminata and D. acuta had higher toxin per cell than
the parallel treatment with well-fed cells in experiments detailed by Portela et al. [34]. Lack of food
(or the excess of it) has been already highlighted by other authors as a key factor promoting fast (well
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fed) or reduced (prey-limited) division [41,46]. Another striking observation is the high values of
toxin per cell in well illuminated cultures versus those in low light conditions (Table 1). In that case,
light seems to have had a strong and direct positive effect on toxin production. This effect would act
presumably through the enhancement of photosynthetic activity required to generate reduction power
to synthesize secondary metabolites (i.e., toxins) [41,47]. Some of the lowest values correspond to cells
that were grown at the maximal temperature (19 ◦C) and light hours (16L:8D cycle) in experiment 3 of
this work. These conditions favored a maximal division rate in D. acuminata and D. acuta cultures that
were harvested for toxins extraction on day 6, during early exponential growth. It is well known that
higher temperature (within a species-specific range) and hours of light promote higher division rates
in Dinophysis cultures (33,41,47). Increased division “dilutes” the cell toxin quota. In other words, there
is a negative correlation between division and toxin accumulation rates. The origin of the Mesodinium
prey, i.e., a M. rubrum strain from Denmark versus the strain from southwest Spain used in this work,
was also found to have an effect on Dinophysis growth and toxin accumulation [34,53].

Some extremely high values of cell toxin quota were observed in cultures growing in suboptimal
conditions and with a very low division rate. That was the case with D. acuta fed a Danish strain of
M. rubrum [34]. The record values of total toxin (particulate + dissolved, marked with an * in Table 1)
per cell were observed in some mass cultures of D. acuminata grown for toxins sourcing and harvested
with DIAON®adsorbing resins (Table 1 in bold). They corresponded to a slow growing, low-density
(320 cells L−1) culture of D. acuminata that was harvested at the stationary phase when nanoflagellate
contamination was detected. Values of toxin per cell estimated when total toxins (harvested with
resins) are measured are misleading. The dissolved toxins detected have been accumulated from the
toxins released by cells growing in the preceding exponential phase of the culture, and which may
have already died and contributed to the dissolved toxins pool. In these cases, it is more appropriate
to express toxin content per unit of culture volume.

The development of passive samplers for in situ detection of lipophilic toxins with “solid-phase
adsorption toxin tracking” (SPATT) resins provided a valuable new tool for the toxin dynamic
studies [54]. Before that, extracellular toxins released by the cells in the water were not quantified.
There is controversy on the advantages of the SPATT resins for early warning of Dinophysis blooms,
but their value for research on physiology and toxin production dynamics is unquestionable [50].
The predominance of dissolved versus particulate toxins, detected with SPATT resins, has been reported
in the stationary phase during blooms of D. acuta in New Zealand [54] and in laboratory experiments
with the same species [52]. This observation led to the deployment of in situ toxin-harvesting devices
as an alternative to cultures for toxins sourcing [55].

All the above observations give hints on the appropriate strategies to follow in order to get high
numbers of toxic cells. Dinophysis cultures can be produced following two stages, with a different set
of conditions promoting either growth or toxin accumulation. The first “production stage”, will aim
to reach the maximal cell density (yield) through good division rates. This will be supported by a
high temperature (≥19 ◦C), favorable D:M ratio (20:1) using the preferred prey, and optimal light
intensity according to each species/strain of Dinophysis. The second “seasoning stage”, will aim to
reach maximal values of toxin per cell and extracellular toxins This situation will be triggered via
Dinophysis starvation, lowering the temperature and any additional factor contributing to an arrest of
cellular division, i.e., forcing the imbalance between division and toxin production rates in favor of
the latter.

4. Conclusions

Dinophysis acuminata and D. acuta exhibited higher growth rates when grown in K(-Si) medium,
likely reflecting the presence of ammonia which is the preferred N source. M. rubrum showed a
strain-specific growth response to the cryptophyte prey supplied: enhanced growth with T. amphioxeia
isolated from the same geographic area (Huelva, southwest Spain) as compared with the same
species from the Galician Rías (northwest Spain). Maximal growth rates in D. acuminata and D. acuta
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cultures were achieved with M. rubrum fed T. amphioxeia from the same region, therefore “what is
better for M. rubrum is better for Dinophysis”. The use of diluted L1 and f/2 media can be helpful for
maintenance of M. rubrum and cryptophytes by keeping excessive cryptophyte growth and undesirable
contaminants at bay. A favorable (1:20) D:M ratio, the key factor to high division rates, combined
with the use of K(-Si) medium, may alleviate the lack of the optimal local cryptophye strain (of the
Teleaulax/Plagioselmis/Geminigera clade), to produce mass cultures of Dinophysis. Galician Mesodinium
and Dinophysis partial plastid 23S rDNA sequences differ by just one nucleotide from those in southern
Spain specimens. This difference seems to suggest some degree of variability between those organisms
affecting the growth of the southern Mesodinium with the northern cryptophyte prey. The lack of
cultures of local strains of Teleaulax-like cryptophytes with the same partial 23S rDNA sequence could
also explain unsuccesful attempts to establish cultures of the local Mesodinium species (M. rubrum and
M. major) in the Galician Rías with the southern strains of T. amphioxeia. Practical recommendations for
mass production of Dinophysis with high toxin content are given.

5. Materials and Methods

5.1. Cultures, Culturing Conditions, and Single-Cell Isolated Field Specimens

Dinophysis cultures were established from water samples from the Galician Rías Baixas (northwest
Spain). Dinophysis acuminata (strain VGO1391) was isolated from Ría de Vigo in July 2016 and D. acuta
(VGO1065) from Ría de Pontevedra in October 2010, both rías being part of the Galician Rías Baixas
(northwest Spain). The ciliate M. rubrum (AND-A071) was isolated in 2007 from samples collected off
Huelva (southwest Spain). Cryptophytes used in the culture experiments were from three different
regions in Spain. Teleaulax amphioxeia (AND-A070) was isolated from samples off Huelva in 2007;
another strain of T. amphioxeia (VGO1392) was isolated from Ría de Vigo (northwest Spain) in 2017, and
the cryptophyte strains Plagioselmis prolonga (CR10EHU), Teleaulax gracilis (CR6EHU), and Teleaulax
minuta (CR8EHU) from the Nervión River estuary, Bay of Biscay (north Spain). These cryptophytes
have been found to be eaten by M. rubrum and plastid replacement in the ciliate with those of the new
prey, demonstrated with partial sequencing of their 23S rDNA [45]. All cultures were grown with
diluted (1:20) f/2 [29] or L1 medium [30] culture media prepared with autoclaved seawater at pH
8.00 ± 0.02 and salinity of 32 psu. They were kept in a temperature controlled room at 15 ± 1 ◦C and
provided ~150 μmol photons m2 s−1 PAR (photosynthetically active radiation) on a 12 h light:12 h
dark cycle. Irradiance was delivered by Osram LED 30W-cold light, 6400 ◦K, tubes (OSRAM GmbH,
Munich, Germany). All cultures were non-axenic.

A second species of Mesodinium, M. major, common in Galician coastal waters during blooms
of Dinophysis, was considered in this study. Attempts to cultivate local strains of the two species of
Mesodinium, M. rubrum and M. major, have been unsuccessful. Field specimens of M. rubrum and
M. major were isolated from water samples from the Galician Rías for partial sequencing of their
plastid gene 23S rDNA to compare it with those from cultivated M. rubrum (AND-A071), and with the
local cultivated strains of D. acuminata (VGO1391), D. acuta (VGO1065), and T. amphioxeia (VGO1392).
Cells were picked manually, one by one, with a capillary pipette under a Zeiss Invertoscop D (Karl
Zeiss, Jena, Germany) microscope, washed in 3 drops of sterile distilled water and transferred to
PCR tubes (see Section 5.8). Species identification of Dinophysis and Mesodinium species was based on
morphological characteristics observed by light microscopy. A graphic diagram with the names of the
species used in different experiments and their trophic interactions is shown in Figure 9.
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Figure 9. Graphic summary of the species/strains used in the experiments and trophic interactions
investigated. Experiment 1: Phototrophic growth of D. acuminata, D. acuta, and M. rubrum with different
culture media. Experiment 2: Scaling up mixotrophic cultures of D. acuminata and D. acuta with K
medium. Experiment 3: Mixotrophic growth of M. rubrum with different cryptophytes. Experiment 4.
Optimal cryptophyte prey for M. rubrum and best M. rubrum ratio to feed Dinophysis. All media were
Si free and diluted (1:2). * indicates one treatment using L1 medium with a 1:20 dilution.

5.2. Cell Counts and Growth Rate Estimates

To estimate cell densities, specimens in 2 mL subsamples from 3 aliquots were fixed with acidic
Lugol’s solution (0.5%) and counted. Dinophysis species and M. rubrum were counted in a 1 mL
Sedgwick-Rafter (Pyser-SGI S50, Pyser Optics, Kents, UK) counting chamber with a Zeiss Invertoscope
D microscope at 100× or 250× magnification. Cryptophyte species were counted either in a 1 mL
Sedgwick-Rafter chamber or in a Neubauer-type hemocytometer (depending on the cell density)
at 200×.

Specific growth rates (μ) were calculated from

μ = (ln N2 − ln N1/t2 − t1)

where N1 and N2 denote cell numbers (cell mL−1) recorded at time t1 and t2 (days), respectively.
A one-way ANOVA was used to identify significant differences in cell densities among treatments.

Values of p < 0.05 were considered statistically significant. Statistical analyses were carried out with
the RStudio, version 3.3.2, (RStudio, Boston, MA, USA).

5.3. Experiment 1. Phototrophic Growth of D. acuminata, D. acuta, and M. rubrum with Different
Culture Media

Culture experiments were set up to compare phototrophic growth of D. acuminata and D. acuta
grown in autoclaved seawater enriched with diluted (1:2) L1(-Si) [30], f/2(-Si) [29], and K(-Si) [36]
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culture media. To observe phototrophic growth of Dinophysis, without interferences from mixotrophic
feeding, M. rubrum, previously fed P. prolonga, was added as prey only on day 0. Initial Dinophysis (D)
cell concentrations were adjusted to approximately 150 and 200 cells mL−1 for D. acuminata and D.
acuta respectively and M. rubrum (M) concentrations were adjusted to have a 1:10 D:M ratio.

To observe phototrophic growth of M. rubrum, cultures of the ciliate fed T. minuta, were deprived
of prey for 3 weeks and the absence of cryptophyte cells confirmed by light microscopy observations.
Thereafter, an experiment was run to compare phototrophic growth of M. rubrum in autoclaved
seawater enriched with L1(-Si), f/2(-Si), and K(-Si) media. Experiments were carried out in triplicate
in 250 mL Erlenmeyer flasks and the same conditions described in 5.1. Samples were collected every
2 d except in the case of the experiment with D. acuta (once a week) due to the already known very
slow growth of this species when prey is not added [33].

5.4. Experiment 2. Scaling up Mixotrophic Cultures of D. acuminata and D. acuta Cultures with
K(-Si) Medium

Dinophysis acuminata and D. acuta cultures volume was scaled-up from 100 mL to medium-scale
volume (4 L) cultures. Mixotrophic cultures of D. acuminata and D. acuta were carried out three times
in triplicate 4 L flasks with K(-Si) medium at 19 ◦C and provided 150–200 μmol photons m2 s−1 PAR
on a 16 h L:8 h D cycle. Dinophysis and M. rubrum cells, grown in autoclaved seawater enriched
with K(-Si) medium, were previously acclimated to the culture parameters. The initial Dinophysis cell
concentrations were adjusted to 200 cells mL−1 and the D:M ratio to 1:10 and then adjusted to 1:5 every
2 days.

Therefore, D. acuminata and D. acuta culture volumes were scaled-up periodically with M. rubrum
grown with the cryptophyte P. prolonga. Samples were taken every day. On day 6, cultures were filtered
through 25 mm GF/D glass microfiber filters (Cole-Parmer Instrument, Filter-Lab, Vernon, IL, USA),
the filter with the filtered material placed in 15 mL centrifuge tubes and filled with MeOH (analytical
grade) and kept in the deep-freeze at −20 ◦C until extraction for liquid chromatography coupled to
tandem mass spectrometry (LC–MS/MS) analysis (see Sections 5.10 and 5.11).

5.5. Experiment 3. Mixotrophic Growth of M. rubrum with Different Cryptophytes

Mixotrophic growth of M. rubrum fed different cryptophyte species was studied. M. rubrum fed
P. prolonga with K(-Si) medium was starved for 3 weeks and the absence of cryptophyte cells was
confirmed with the light microscope before the experiment. Thereafter, three cryptophyte species,
T. amphioxeia (strains AND-A070 and VGO1392), T. minuta (CR8EHU), and P. prolonga (CR10EHU),
were given on day 0 to M. rubrum grown with K(-Si) medium to identify the optimal prey for the ciliate.
The initial M. rubrum cell concentrations were adjusted to 103 cells mL−1 and a M. rubrum:cryptophyte
(M:C) ratio of 1:10. Cultures of M. rubrum with P. prolonga and diluted (1:20) L1(-Si) medium were
used as an internal control. All cultures were carried out in triplicate 250 mL Erlenmeyer flasks and
the same conditions described in Section 5.1. Samples were taken every 2 days.

5.6. Experiment 4. Optimal Cryptophyte Prey for M. rubrum and Best M. rubrum Ratio to Feed Dinophysis

The next step was to investigate if the optimal prey for M. rubrum was also the best to feed
Dinophysis. M. rubrum cultures, each one grown with different cryptophyte species (T. amphioxeia,
AND-A070 and VGO1392; T. minuta, CR8EHU; T. gracilis, CR6EHU; and P. prolonga, CR10EHU) were
provided as prey to D. acuminata, grown with L1/20(-Si) medium. Likewise, M. rubrum fed T. amphioxeia
(AND-A070 and VGO1392), and P. prolonga (CR10EHU) was given to D. acuta (grown with K(-Si) and
L1/20(-Si) medium) at day 0, to determine the optimal cryptophyte prey for M. rubrum to be used as
prey for this species. The initial Dinophysis cell concentrations were adjusted to 150 cells mL−1 and the
D:M ratio was 1:10. In addition, two culture experiments were carried out to compare D. acuminata
mixotrophic growth in autoclaved seawater enriched with K(-Si) medium with M. rubrum, fed T. minuta
(CR8EHU), added as prey only on day 0 and D:M ratios adjusted to 1:10 and 1:20 respectively. Cultures
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were carried out in triplicate 250 mL Erlenmeyer flasks and the same conditions described in Section 5.1.
Samples were taken every 2 days.

5.7. Experiment 5. Mass Production of D. acuminata in 30 L Photobioreactors

Mixotrophic growth of D. acuminata in large volumes was studied in a photobioreactor.
This photobioreactor, model AIS1316 from Aqualgae (Aqualgae S.L., A Coruña, Spain), has a
polymethyl metacrylate (PPM), 250 mm diameter, and 30 L column supported on a stainless steel
structure. Light is provided by 3 vertical LED tubes (cold light, 6400 ◦K); light intensity, photoperiod,
temperature, and pH are controlled by an automatic mini-pic sensor (Siemens AG, Munich, Germany).
Cultures in the photobioreactor were initiated with a volume of 12.5 L and a density of 160 cells mL−1

of D. acuminata in K(-Si) medium. No aeration was provided. Dinophysis (D) were fed M. rubrum (M)
grown with T. amphioxeia (AND-A070) at a D:M ratio 1:1, 2−3 times a week. This ratio was readjusted
to 1:5 D:M when a density of 500 cells mL−1 of Dinophysis was reached. Then it was adjusted to a
1:5 (D:M) ratio. Aliquots for cell counts were taken with a 5 mL pipette at the center of the water
column after gentle circular agitation of the bioreactor. When the experiment finished, particulate and
dissolved toxins were collected from the bioreactor with DIAON resins (see Section 5.10).

5.8. DNA Extraction, PCR Amplification and Sequencing

Field specimens isolated by micromanipulation (see Section 5.1) of D. acuminata, D. acuta,
M. rubrum, and M. cf. major from the Galician Rías were transferred to 200 μL PCR tubes and kept at
−20 ◦C for 24 h before direct amplification. For DNA extraction of species already in culture, 1 mL of
each cryptophyte species used in the experiments, and of M. rubrum (AND-A071) were centrifuged for
5 min at ×12,000 g in a mini Spin Eppendorf centrifuge (Eppendorf AG, Hamburg, Germany), pellets
rinsed in MilliQ water, centrifuged again, and then DNA was extracted using Chelex® 100 (Bio-Rad,
Hercules, CA, USA) following the extraction procedure of Richlen & Barber [56]. For amplification
of partial plastid 23S rDNA sequences, universal primers p23Sr_f1 (5′-GGA CAG AAA GAC CCT
ATG AA-3′), and 23Sr_r1 (5′-TCA GCC TGT TAT CCC TAG AG-3′) [57] were used. The PCR reactions
were performed using a thermocycler (Eppendorf AG, Hamburg, Germany), following the conditions
detailed by these authors. PCR reaction mixtures (25 μL) contained 1 to 3 Dinophysis cells each,
1 mM MgCl2, 2.5 μL 10× PCR buffer, 125 nM of each primer, 25 nM dNTPs, and 0.65 units Taq DNA
polymerase (Bioline Reagents Ltd., London, UK). The PCR products were analyzed by 1.5% agarose
gel electrophoresis. The amplified products were purified using an ExoSAP-IT (USB Corporation,
Cleveland, OH, USA). Finally, the PCR products obtained were sequenced using the ABI PRISM BigDye
Terminator Cycle Sequencing Ready Reaction Kit and an Applied Biosystems ABI 310 automated
sequencer (CACTI, University of Vigo, Vigo, Pontevedra, Spain).

5.9. Phylogenetic Analysis

The partial sequences of plastid 23S rDNA (373bp) were aligned using CLUSTAL W [58] in
Bioedit [59]. Phylogenetic analyses of 23S rDNA were performed using Tamura-Nei model [60].
Evolutionary analyses were conducted in MEGA 7, version 7.0. (Microsoft Windows applications,
graphical user interface) [61]. Maximum likelihood (ML) phylogenetic analyses were conducted.
The phylogenetic tree was represented using the ML method with bootstrap values (n = 1000). The tree
with the highest log likelihood (−639.0779) was shown. The percentage of trees in which the associated
taxa clustered together was shown next to the branches. Initial tree(s) for the heuristic search were
obtained automatically by applying Neighbor-Joining and BioNJ algorithms to a matrix of pairwise
distances estimated using the Maximum Composite Likelihood (MCL) approach, and then selecting
the topology with superior log likelihood value. The tree was drawn to scale, with branch lengths
measured in the number of substitutions per site. The analysis involved 17 sequences. Codon
positions included were 1st + 2nd + 3rd + Noncoding. All positions containing gaps and missing data
were eliminated.
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5.10. Harvesting and Total Toxin Extraction from Dinophysis Cultures

Both particulate and extracellular toxins released in the culture medium from mass cultures
produced to extract and biorefine toxins were harvested with polyaromatic adsorbent resin Diaion™
HP-20SS resin, Ø 75–150 μm SUPELCO (Bellefonte, PA, USA). First, Dinophysis cells were lysed by
addition of acetone (final concentration 7%). Then the Diaion™ HP-20SS resin had to be activated
before use, as described in MacKenzie et al. [54] and applied by Pizarro et al. [49,50]. In short, batches
of adsorbent resin were washed several times with at least 10 volumes (10 solvent: 1 resin) of MeOH,
to remove fines and leachable material; then, hydrated by soaking in MilliQ water, and drained through
a 95 mm mesh sieve. Activated resin (2 g HP-2055 per L of culture) was added to the lysed-cells
culture and stirred with a magnetic bar at low speed, very gently, for 24 h to ensure resuspension of
the particles in the water column. After incubation, the resin retained by filtration over a mesh (20 μm),
thoroughly rinsed with MilliQ water to remove salts from the culture medium, was transferred to a
glass Petri dish. This was dried in an oven (3 h, 50 ◦C) and then kept at −20 ◦C until analysis.

5.11. Toxin Analyses

Toxin analyses were carried out at the Marine Institute in Galway, Ireland. The resin was
transferred into a glass beaker and extracted by sonication with MeOH for 1 h. The extract was filtered
through a SPE cartridge (empty with frit) and transferred into a volumetric flask. The remaining
resin was further sonicated in MeOH several times until LC–MS/MS indicated that >95% of the toxin
was extracted, with each extract decanted into the same volumetric flask which was then made up
to volume with MeOH. Samples were filtered through a plugged (with cotton wool) glass pipette
into HPLC vials for analysis. Next, they were hydrolyzed (to convert any OA group esters back to
the parent compounds) by adding 125 μL 2.5 M NaOH to 1 mL of sample, placed in a water bath
set at 76 ◦C for 10 min, cooled and then neutralized with 2.5 M HCl. Both the unhydrolyzed and
the hydrolyzed samples were analyzed by LC–MS/MS to determine the level of esters present in
the samples.

LC–MS/MS analysis of the resin extracts was carried out with a Waters Acquity UPLC system
coupled to a Xevo G2-S QToF monitoring in MSe mode in both positive and negative modes (m/z
100−1200), using leucine enkephalin as the reference compound. The cone voltage was 40 V, collision
energy was 50 V, the cone and desolvation gas flows were set at 100 and 1000 L/h, respectively,
and the source temperature was 120 ◦C. Analytical separation was performed on an Acquity UPLC
BEH C18 (50 × 2.1 mm, 1.7 μm) column (Waters, Wexford, Ireland). Binary gradient elution was
used, with phase A consisting of H2O and phase B of CH3CN (95%) in H2O (both containing 2 mM
ammonium formate and 50 mM formic acid). The injection volume was 2 μL and the column and
sample temperatures were 25 ◦C and 6 ◦C, respectively.

In positive mode the gradient was from 30% to 90% B over 5 min at 0.3 mL/min, held for 0.5 min,
and returned to the initial conditions and held for 1 min to equilibrate the system. Processing of
results was performed using Waters Targetlynx software pulling out the masses for PTX2 (m/z 876.51 +
881.46). In negative mode the gradient was from 5% to 90% B over 2 min at 0.3 mL/min, held for 1 min,
and returned to the initial conditions and held for 1 min to equilibrate the system.. Processing of results
was performed using Waters Targetlynx software pulling out the mass for OA and DTX2 (m/z 803.45).
PTX2, OA and DTX2 were quantitated using certified reference materials from the National Research
Council, Canada.
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Abstract: The identification and quantification of okadaic acid (OA)/dinophysistoxin (DTX) analogues
and pectenotoxins (PTXs) in Dinophysis samples collected from coastal locations around Japan were
evaluated by liquid chromatography mass spectrometry. The species identified and analyzed included
Dinophysis fortii, D. acuminata, D. mitra (Phalacroma mitra), D. norvegica, D. infundibulus, D. tripos,
D. caudata, D. rotundata (Phalacroma rotundatum), and D. rudgei. The dominant toxin found in D.
acuminata was PTX2 although some samples contained DTX1 as a minor toxin. D. acuminata specimens
isolated from the southwestern regions (Takada and Hiroshima) showed characteristic toxin profiles,
with only OA detected in samples collected from Takada. In contrast, both OA and DTX1, in addition
to a larger proportion of PTX2, were detected in D. acuminata from Hiroshima. D. fortii showed a toxin
profile dominated by PTX2 although this species had higher levels of DTX1 than D. acuminata. OA was
detected as a minor toxin in some D. fortii samples collected from Yakumo, Noheji, and Hakata. PTX2
was also the dominant toxin found among other Dinophysis species analyzed, such as D. norvegica,
D. tripos, and D. caudata, although some pooled picked cells of these species contained trace levels of
OA or DTX1. The results obtained in this study re-confirm that cellular toxin content and profiles are
different even among strains of the same species.

Keywords: Dinophysis; diarrhetic shellfish poisoning; marine toxins; pectenotoxin; okadaic
acid; dinophysistoxin

Key Contribution: Pooled picked cells of Dinophysis species collected from locations around Japan
were analyzed by liquid chromatography mass spectrometry to determine their toxin content and
relative toxin profiles.

Toxins 2018, 10, 457; doi:10.3390/toxins10110457 www.mdpi.com/journal/toxins237
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1. Introduction

The diarrhetic shellfish toxins (DSTs), okadaic acid (OA) and dinophysistoxins (DTXs), as well
as pectenotoxins (PTXs) (Figure 1) [1], are produced by planktonic species of the genus, Dinophysis
and benthic species of Prorocentrum [2]. Bivalves become contaminated with these marine toxins by
feeding on toxic Dinophysis species. The regulation of DSTs recommended by Codex Alimentarius [3]
is 160 ng OA equivalent/g in the edible part of bivalves. The regulation in the European Union (EU) is
a total of 160 ng OA/DTX and PTXs/g in the edible part of bivalves [4]. The cellular toxin content
and profiles of several Dinophysis species have been reported by analyzing field multispecific samples
obtained by plankton net hauls, or monospecific cultures [5–18]. However, it remains important
to update toxin content and profile information of Dinophysis species to improve the prediction of
bivalve contamination. The cellular toxin content and profiles of Dinophysis species of pooled picked
cells reported in previous studies was revised (Table 1) [19–35]. Analysis of individually picked cells
was historically the only unambiguous way to ascribe a toxin profile and content information to a
Dinophysis species, until 2006, when cultures of D. acuminata became available [36]. Because the cellular
toxin content and profiles are different even among samples of the same species [36,37], it is necessary
to clarify cellular toxin contents and profiles of Dinophysis spp. present in each bivalve monitoring area.

Figure 1. Chemical structure of okadaic acid (OA) and dinophysistoxin (DTX) and pectenotoxin (PTX)
analogues found in Dinophysis species. (a) OA and DTX analogues. (b) PTX2 and PTX11.

Historically, DST contamination of bivalves, and associated human poisoning cases, were
restricted in the northeastern regions of Japan (Tohoku and Hokkaido area). Therefore, data on
the toxin content and profiles of Dinophysis from these regions is essential for predicting bivalve
contamination. Although Dinophysis occurs in the southwestern parts of Japan, no toxin information
has been reported for Dinophysis species found there. It is interesting that DST positive cases in bivalves
obtained with the previous DST official testing method (mouse bioassay) in the southwestern parts of
Japan have hardly been reported.

Between 2006 and 2014, pooled picked cells of many Dinophysis species were generated from
seawater samples taken from many locations around the Japanese coastline. DSTs and PTXs
were extracted using a solid phase extraction method [6,19,23], and the extracts kept frozen until
analysis. In this study, the presence of DSTs and PTXs in these samples was determined by
liquid chromatography triple quadrupole tandem mass spectrometry (LC/MS/MS) [23] and liquid
chromatography quadrupole mass spectrometry (LC/MS) [38].
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2. Results

2.1. Dinophysis acuminata

The toxin content and profiles of D. acuminata obtained in this study are shown in Figure 2
and Table S1. The dominant toxin in D. acuminata samples from Yakumo, Saroma, and Shimonoseki
was PTX2, and DTX1 was also observed at lower levels in some samples from Yakumo and Saroma.
The DTX1 content (4.7 pg/cell) found in D. acuminata sample collected in Saroma was greater than the
highest value of (0.7 pg/cell) reported in previous studies (Table 1) [23]. The toxin profile and contents
found from D. acuminata in Yakumo were close to those obtained in a previous study for D. acuminata
in the same area [23]. It is interesting that D. acuminata collected in Uramura did not produce any of
the monitored toxins. D. acuminata collected in Takada and Hiroshima showed characteristic toxin
profiles, with OA exclusively detected in D. acuminata collected in Takada, whereas both OA and DTX1,
in addition to a higher proportions of PTX2, were detected in D. acuminata from Hiroshima.

Figure 2. The toxin contents and profiles of D. acuminata in Japan. * 1 Trace levels of OA were
detected. * 2 Trace levels of DTX1 were detected. The toxin contents, profiles, analyzed cell numbers,
and detection limits for negative values are also given in Table S1.

2.2. Dinophysis fortii

The toxin content and profiles of D. fortii obtained in the present study are shown in Figure 3 and
Table S1. Although the dominant toxin observed in D. fortii samples was PTX2, some samples also
produced DTX1 or OA. The DTX1 content found in many D. fortii samples was considerably higher
than that in D. acuminata. OA was detected as a minor toxin in some samples collected from Noheji
and Yakumo. Several D. fortii samples from Noheji and Yakumo did not have any of the monitored
toxins. PTX2 seco-acid was detected in D. fortii collected in Hakata. The PTX2 content (236.0 pg/cell)
of D. fortii collected in Akita represents the highest value ever reported (Table 1) [23].
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2.3. Other Dinophysis Species

PTX2 was the only toxin detected in many other Dinophysis species collected and analyzed as part
of this study, including D. norvegica, D. tripos, and D. caudata. Trace levels of DTX1 or OA were observed
in some of these samples (Figure 4, Table S1). PTX2 was detected for the first time in D. mitra from
Yakumo (2012) by LC/MS when using selected ion monitoring (SIM) in positive ion mode. The highest
PTX2 content per cell of a D. tripos found in this study was 467.4 pg/cell, which represents the highest
value ever reported (Table 1). It was also interesting that some of the other Dinophysis species collected
and identified (e.g., D. rudgei) did not produce any of the monitored toxins, which aligns with the
observations from D. acuminata and D. fortii isolates. Some D. mitra and D. rotundata samples, showed
trace levels of DTX1 or OA. D. norvegica collected in Yakumo also contained a low level of DTX1.
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3. Discussion

In this study, the toxin content and profiles of Dinophysis species collected around the Japanese
coastline were determined. Novel findings include the detection of DTX1 in D. norvegica and PTX2 in
D. caudata. OA or DTX1 have been reported in D. norvegica from coastal waters in other countries [19,24].
Detection of PTX2 in pooled picked cells of D. caudata in Japan reported for the first time, however,
it has been detected in Spanish and Chinese strains of this species [25,29,32]. Detection of PTX2 in
pooled picked cells of D. tripos and D. mitra is also a novel observation, although PTX2 has been
detected in cultures of D. tripos isolated from Japan [14]. Due to the very low concentration of PTX2
observed in the D. mitra samples, its presence was not confirmed by LC/MS/MS fragment ions,
and further confirmation will be required.

LC-MS analyses of picked cells of Phalacroma rotundatum (D. rotundata) showed small amounts
of the same toxins (OA, DTXs, PTXs) present in the co-occurring Dinophysis species or no toxins at
all. These observations led to the hypothesis that the heterotrophic P. rotundatum is not a de novo
toxin-producer, but a vector of DSP toxins taken up from its tintinnid prey. [36]. The small amount of
DTX1 observed in D. rotundata, and heterotroph that feedss on tintinids collected and analyzed as part
of our study might be derived from DTX1 produced by other co-occurring Dinophysis species present
in the area.

This study determined that the most dominant toxin produced by Dinophysis species in Japan
is PTX2, except for some samples of D. acuminata, D. fortii, D. rotundata, and D. mitra that produced
only OA or DTX1. PTX11, which had been detected in D. acuta from Spain and New Zealand [8,9,39],
was not detected in any Dinophysis samples from Japan. This indicates that, in Japan, there is little risk
of bivalves being contaminated with PTX11. It was interesting that there were non-toxic Dinophysis
samples even within the same species. This demonstrates the difficulty in predicting contamination of
bivalves with DSTs or PTXs by monitoring Dinophysis cell densities. Monitoring of DSTs and PTXs
in plankton net samples or SPATT devices [40] by LC/MS/MS methods could be useful for early
warnings of bivalve contamination with these toxins.

In Japan, the LC/MS/MS method [38] for OA/DTX analogues has been introduced as the official
testing method for DSTs since 2015 [41]. In terms of early warning of bivalve contamination with
DSTs, D. fortii could be regarded as the most important Dinophysis species to monitor because the
DTX1 contents of D. fortii were relatively higher than those found in other Dinophysis species. It is
interesting that sampling sites that showed DTX1-containing D. fortii coincided well with the historical
human poisoning cases of DSP [42–44]. When the percentages of DTX1 and OA from D. fortii samples
in Japan were compared, those of DTX1 are greater. This result is consistent with the fact that the
dominant OA analogue in Japanese bivalves is DTX1 and 7-O-acyl-DTX1 [45,46]. It is also noteworthy
that D. acuminata from Takada produces a relatively high amount of OA. Although there have been
no human DSP cases in this area, attention should be payed to prevent future cases when high cell
densities of D. acuminata were observed in this area.

Monitoring of DSP in Japanese bivalves has historically been performed using the mouse bioassay
(MBA). This methodology was implemented as the official testing method for the DSP monitoring
program established in the 1980s [47]. Although the presence of Dinophysis had been confirmed in
southeastern regions (Tokai, Kinki, Shikoku, Sanyo, Sanin, Kyusyu regions), in Japan, there had been
a few MBA positive cases in bivalves from those regions. This could be explained by the results of
this study showing the dominant toxin in Dinophysis collected in the southwestern regions (Hakata,
Shimonoseki, Kagoshima, Hiroshima) is PTX2, which is then converted to a MBA non-toxic PTX2SA
in many bivalve species (Pacific oyster, manila clam, etc.). The exception to this is Japanese scallops,
Patinopecten yessoensis (Mizuhopecten yessoensis), cultured in northeastern Japan [37,48]. However, as
D. acuminata collected in Takada produces a sufficiently high amounts of OA, there is a risk of human
poisoning by DSTs when there is high cell densities of D. acuminata in this region. Therefore, continuous
monitoring of DSP in bivalves around the coastline of Japan is necessary.
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4. Materials and Methods

4.1. Chemicals

Okadaic acid (OA) and dinophysistoxin-1 (DTX1), pectenotoxin (PTX-1, 2, 6), and yessotoxin (YTX)
were produced by the Japanese reference material project [49]. PTX-11 was isolated from D. acuta
collected in New Zealand [8]. Methanol and acetonitrile, and formic acid of LC/MS grade were
purchased from Kanto chemical co., Tokyo, Japan And ammonium formate of analytical grade was
purchased from Nacalai tesque co., Tokyo, Japan. Distilled water was prepared by milli-Q Reference
(Merck Millipore, Burlington, MA, USA).

4.2. Sampling Locations and Dinophysis Sample Preparation

Seawater samples were collected from various locations around the Japanese coastline (Figure 5).
Using a light microscope, 50 individual cells of Dinophysis species identified in the seawater samples
were carefully selected using a glass capillary to exclude non-targeted microorganisms. The cells were
identified by their morphological characteristics. Isolated Dinophysis cells that had been taxonomically
identified were combined in a single vessel filled with filtered seawater and stored frozen until
extraction. Detailed information on the sampling is shown in Table S1.

Figure 5. Dinophysis sampling locations around Japan.
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4.3. Extraction

Toxins were extracted from cells of Dinophysis species by solid phase extraction (SPE) (Sep pak
C18 plus, Waters co., Milford, MA, USA) as reported in previous studies [6,19,23]. Toxin extracts were
dissolved in 200 μL of methanol for LC/MS/MS analysis.

4.4. LC/MS/MS and LC/MS Analysis

LC/MS/MS analysis was carried out according to a previous method [23]. The LC/MS/MS
system was an Agilent 1100 series of high performance liquid chromatograph (HPLC) (Agilent
technologies, Lexington, MA, USA) coupled with a 3200 Qtrap triple quadrupole MS/MS system
(Sciex, Framingham, MA, USA). Separations were performed on Quicksilver cartridge columns (50 mm
× 2.1 mm i.d) packed with 3 μm Hypersil-BDS-C8 (Keystone Scientific, Bellefonte, PA, USA) and
maintained at 20 ◦C. Eluent A was water and B was acetonitrile–water (95:5), both containing 2 mM
ammonium formate and 50 mM formic acid [50,51]. A linear gradient elution from 20% to 100% B was
performed over 10 min and then held at 100% B for 15 min, followed by re-equilibration with 20%
B (13 min). The flow rate was 0.2 mL/min and the injection volume was 10 μL. MRM LC/MS/MS
analysis for the targeted toxins were carried out using the following ions; [M − H]− (OA, DTX1,
7-O-palmitoyl-DTX1, DTX2, PTX6, PTX2sa, YTX, 45OHYTX) and [M + HCOOH − H]− (PTX1, PTX2,
PTX11) as the target parent ions in Q1 and particular fragment ions of each toxin in Q3 as reported in a
previous study [40]. SIM LC/MS analysis for toxins were carried out using the [M + NH4]+ (OA, DTX1,
DTX2, PTX1, PTX2, PTX6, PTX11) as the target ions in Q1.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/10/11/457/
s1, Table S1: Toxin profiles of Dinophysis species collected from around the coast of Japan.
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Abstract: Diarrhetic shellfish toxins (DSTs) are a group of phycotoxins that include okadaic acid
(OA)/dinophysistoxin (DTX) analogues. At present, detailed data on the distribution of DST is
insufficient, and studies of the appropriate sample sizes are lacking. This study investigated the DST
frequency distribution in scallops and mussels by liquid chromatography-tandem mass spectrometry
(LC/MS/MS) and a resampling analysis of existing data was carried out. The DST population-interval
and the necessary sample size were also estimated. DSTs are localized in the scallop digestive-gland,
and the DST concentrations in scallops were water-depth-dependent. DST concentrations in scallops
and mussels showed normal distributions, but mussels tended to contain more DSTs than scallops.
In the statistical resampling analysis of the acquired data on scallops and mussels, especially that
using the bootstrap method, sample size was difficult to estimate when the DST variation was large.
Although the DST population-interval could be statistically estimated from the sample standard
deviation of three samples, the sample size corresponded to the risk management level, and the use of
13 or more samples was preferable. The statistical methods used here to analyze individual contents
and estimate population content-intervals could be applied in various situations and for shellfish
toxins other than DSTs.

Keywords: diarrhetic shellfish toxins; accumulation; dinophysistoxin; Japanese scallop; dinophysis;
LC/MS/MS; statistical analysis

Key Contribution: This is the first detailed analysis of the distribution of individual concentrations
of DSTs in shellfish samples, as well as the first report of a method for analyzing and evaluating the
relationship between the individual concentrations and mean population concentrations based on
statistical methods.

1. Introduction

Diarrhetic shellfish poisoning (DSP) is a severe gastrointestinal illness caused by the consumption
of shellfish contaminated with diarrhetic shellfish toxins (DSTs) [1]. DSTs are a group of phycotoxins
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that include okadaic acid (OA) and dinophysistoxin (DTX) analogues [2,3]. OA, dinophysistoxin-1
(DTX1), and dinophysistoxin-2 (DTX2) are the most important DSTs because they cause severe diarrhea.
These toxins have been shown to be potent protein-phosphatase inhibitors [4], a property that can
cause inflammation of the intestinal tract and diarrhea [5], possibly leading to tumor promotion [6].
Okadaic acid analogues are metabolized to the esterified toxin in many bivalve species including
Japanese scallops [7], and they are collectively called dinophysistoxin-3 (DTX3). In Japan, screening
and quantification of DSTs are carried out on bivalves in accordance with the guidelines based on the
official instrumental method [8] in production areas and markets. However, the Japanese guidelines
do not provide detailed information on the distribution of DSTs between individual bivalves and have
not established an appropriate sample size due to the lack of such data obtained by accurate analytical
methods [9].

The Japanese scallop Patinopecten yessoensis (Mizuhopecten yessoensis), a major and important
cultured species in Japan [10], has unique characteristics, including the metabolic transformation of
lipophilic toxins [11]. In the present study, we analyzed the concentrations of DSTs in individuals
of P. yessoensis and the mussel Mytilus edulis, and the validity of the size of sample were examined
with statistical resampling analysis of the acquired DST data. Although some of our research has
been presented in a previous work [12], more detailed data and novel results are provided in our
present study. Furthermore, assuming conditions for investigating cultured scallops in the sea [10],
estimation of the DST population-interval (interval of concentration of DST contained in population)
were performed. Finally, based on our results, we consider and propose an adequate sample size.

2. Results

2.1. Concentrations and Distribution of DSTs

2.1.1. Anatomical Compartmentalization of DST in Scallops

The compartmentalization of DSTs in scallops collected at Nonai Station, Mutsu Bay, Aomori
prefecture was investigated. From 14 to 20 individual scallops, the digestive gland, gonad, mantle, gill,
and adductor muscle were separately dissected. The pieces were then grouped together by the body
part (Table 1).

Table 1. Sampling information and total weight (g) of each scallop tissue.

2014 26 May 2 June 9 June 30 June 14 July 22 July 28 July

Number of Individuals 16 18 17 18 15 20 14

Digestive gland 72.90 72.87 72.97 70.80 60.80 75.16 58.56
Gonad 42.39 39.99 40.79 44.22 48.05 54.46 39.83
Mantle 155.01 151.37 163.48 175.80 163.66 213.96 169.30

Gill 95.31 93.43 106.28 92.20 87.08 116.42 85.49
Adductor muscle 301.69 315.19 311.42 355.14 318.80 434.35 340.26

The concentration of OA and DTX1 in each part was quantified by LC/MS/MS after hydrolysis.

The dominant toxin in the scallops was DTX1, the highest concentration of which was found on
30 June, corresponding to about half of the regulation value of 0.16 mg/kg of whole meat (Figure 1).
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Figure 1. Concentrations of DTX1 and OA in the digestive glands of scallops. Fourteen to twenty
individuals were combined into each sample set used for analysis. Black bars and white bars represent
DTX1 and OA, respectively. The concentrations of toxins in the samples are shown on the vertical axis.

The proportion of the DTX1 quantity corresponding to each tissue are shown in Figure 2.

 

Figure 2. Percentage (%) of DTX1 in each scallop tissue.

2.1.2. DST Analysis of 30 Individual Scallops and Mussels

The concentrations of DTX1 in the digestive glands of 30 scallops or mussels collected at the
Nonai Station were quantified for each individual (Figure 3 and Table 2).

The concentration of OA was not described due to the overall low concentrations found in the
individual samples. The mean values of DTX1 differed even for the same date for both mussels
and scallops, and the DTX1 values of the mussels were higher than those of the scallops (Figure 3).
The distributions of the scallops and mussels were close to the normal distributions.

Table 2. Sampling information and mean weight (g) of the digestive glands of 30 scallops or mussels.
The mean values of 30 samples ± population standard deviation (σ).

2014 26 May 2 June 9 June 16 June 7 July 8 August

Scallop
(Digestive gland/Whole meat %)

3.87 ± 1.07
(10.14%)

3.62 ± 0.81
(10.56%)

3.70 ± 0.98
(8.78%)

3.81 ± 0.72
(9.18%) - -

Mussel
(Digestive gland/Whole meat %) - 1.69 ± 0.45

(14.72%) - - 1.40 ± 0.46
(14.89%)

1.51 ± 0.45
(12.90%)
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Figure 3. The 30 individual distributions, means ± σ of DTX1 in scallops and mussels. Panels (a–d)
show the results for scallops and (e–g) show those for mussels.

2.1.3. Analysis of DST Concentration in Scallop Samples from Different Water Depths

The DST concentrations of scallop digestive glands collected at different depths at Yakumo Station,
in the western part of Funka Bay, Hokkaido prefecture, were investigated. Sampling information about
the scallops is shown in Table 3.

Table 3. Sampling information and mean weight (g) of scallop digestive glands. The mean value of
digestive glands ± σ at each depth.

2016 18 May 28 June 11 August

Number of Individuals 10 15 15

5 m 6.45 ± 1.24 4.77 ± 0.82 1.40 ± 0.36
10 m 6.16 ± 0.91 5.18 ± 1.33 1.38 ± 0.26
15 m 5.30 ± 0.45 4.22 ± 0.75 1.46 ± 0.42

The vertical gradient of DTX1 distribution (maximum at 5 m, minimum at 15 m) was reversed
over the investigation period (Figure 4). Maximum levels of about half of the regulation value
(corresponding to 0.16 mg/kg of whole meat) were found at 15 m on 11 August.

Figure 4. Vertical distribution of DTX1 and σ in scallop digestive glands.

The distributions of scallops on 28 June and 11 August were close to the normal distribution
(Figure 5).
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Figure 5. The distributions of scallop at each depth on 28 June and 11 August. The mean concentrations
of DTX1 ± σ are shown for (a–d) 28 June and (e–h) 11 August.

Environmental conditions and vertical distribution of Dinophysis at Yakumo Station are
represented in Table 4 and Figure 6, respectively.

Table 4. Data on environmental conditions and densities of DST producing species at Yakumo Station.

Transparency
(m)

Date
(2016)

Depth
(m)

Water
Temperature (◦C)

Salinity
(psu)

D. fortii
(Cells/L)

D. acuminate
(Cells/L)

Other Dinophysis
(Cells/L)

18 May 0 11.2 30.84 0 30 0
5 9.7 31.98 0 60 0

5.0 10 9.2 32.03 0 100 0
15 8.1 32.32 0 80 0
20 7.8 32.59 0 30 0
25 7.4 32.67 0 90 0
30 7.3 32.70 0 150 0

28 June 0 16.6 29.58 0 1120 0
5 14.8 31.15 30 650 60 Dt60

4.0 10 13.7 31.94 180 740 190 Dn150,
Dt40

15 13.4 32.09 30 490 80 Dn60,
Dr20

20 13.0 32.18 40 300 10 Dr10
25 12.8 32.22 0 70 10 Dn10
30 12.3 32.33 0 50 10 Dn10

11 August 0 22.6 31.14 0 0 0
5 20.7 31.67 0 0 50 Dt50

10.5 10 16.9 32.37 0 10 30 Dt30

15 12.7 32.64 0 0 30 Dt20,
Dr10

20 10.8 32.95 10 0 0
25 8.6 32.95 50 0 10 Dt10
30 7.9 33.02 90 20 0

Dinophysis tripos (Dt); Dinophysis norvegica (Dn); Dinophysis rotundata (Dr).
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Figure 6. Vertical distributions of Dinophysis species. (a) D. acuminata; (b) D. fortii and other Dinophysis species.

D. acuminata was assumed to be main causative agent of the DST events. This species reached
its maximal density on 28 June and declined on 11 August (Table 4). Other Dinophysis species were
predominant from 10 m to the surface, and there was no clear relationship between the distribution of
cells and reversal of the vertical distribution of DTX1 in scallops on 11 August (Figures 4 and 6).

2.2. Statistical Analysis

2.2.1. Statistical Resampling Analysis of DSTs in Scallops and Mussels

The number of individuals necessary to correctly reflect the DST contents of collected samples
was estimated by resampling analysis. For this purpose, we used a data set collected for 30 individual
scallops and 30 individual mussels at Aomori on 2 June (Figure 3). Both values were highly variable.
The means of 5–25 samples were calculated with random sampling and allowing or not allowing
(bootstrap method) replacement. The sample means were converted to percentages as compared with
those of 30 samples (Table 5).

Table 5. Resampling analysis of scallops and mussels without replacement and with the bootstrap
method. The left half of the table is a resampling analysis without replacement, while the right half
shows the data using the bootstrap method. The n columns represent 5–25 samples. 1 to 99 represent
percentiles. Percentage: each percentile columns represents the mean value of a data set for each mean
of the 30 individuals. >±30; <±30; <±20; <±10.

Scallop Mussel Scallop Mussel

n 1 5 95 99 1 5 95 99 n 1 5 95 99 1 5 95 99

5 75.6 82.1 119.0 126.3 49.5 60.4 144.4 163.7 5 72.5 80.7 120.7 130.3 44.3 58.2 149.8 172.0
6 77.7 84.0 117.0 123.7 52.0 63.9 139.4 155.8 6 75.6 82.3 118.8 127.2 48.8 61.3 144.6 164.2
7 80.0 85.4 114.9 120.4 56.2 66.9 134.8 148.8 7 76.6 83.5 116.8 124.4 51.3 63.8 139.8 157.2
8 81.1 86.5 113.9 119.0 58.5 69.5 132.6 144.4 8 78.4 84.7 115.7 122.9 54.9 66.5 137.3 154.3
9 82.9 87.6 112.9 117.6 61.9 71.8 129.8 140.3 9 79.2 85.5 114.3 121.1 56.5 67.8 133.9 150.0

10 84.4 88.5 111.6 116.0 64.1 73.7 126.9 138.6 10 80.7 86.3 114.0 120.1 59.4 69.8 132.6 147.9
11 85.5 89.3 111.0 114.7 67.0 75.9 124.8 135.4 11 81.4 86.8 113.3 119.1 60.6 70.4 131.4 145.4
12 86.1 89.8 110.4 114.1 69.4 77.4 123.7 132.1 12 82.4 87.4 112.9 118.8 62.5 72.0 130.7 144.1
13 87.4 90.7 109.4 112.9 70.6 78.5 121.6 129.7 13 82.9 87.9 112.2 117.6 63.5 73.0 128.8 140.9
14 87.8 91.2 108.6 112.1 72.5 79.7 119.9 127.7 14 83.6 88.5 112.1 117.4 65.3 74.2 128.7 140.8
15 88.7 91.7 108.0 111.1 74.2 81.2 118.9 126.3 15 84.5 88.9 111.6 116.3 65.6 75.1 126.8 137.8
16 89.7 92.5 107.6 110.3 75.0 82.2 117.5 124.2 16 84.6 89.2 111.0 115.6 66.8 75.9 126.0 136.9
17 90.0 92.8 107.1 109.7 77.6 83.7 116.5 122.4 17 85.1 89.5 110.7 115.1 67.2 76.6 124.9 136.2
18 90.8 93.2 106.5 109.1 78.5 84.8 115.1 120.4 18 85.8 89.8 110.6 115.2 68.9 77.2 124.3 135.3
19 91.4 93.6 106.2 108.4 80.0 85.6 113.8 119.2 19 86.0 90.0 110.2 114.7 69.9 77.5 123.9 134.4
20 92.0 94.0 105.8 107.8 81.1 86.7 112.9 117.3 20 85.8 90.2 109.9 114.0 69.5 78.0 123.2 133.6
21 92.6 94.5 105.2 107.2 82.2 87.4 111.9 116.0 21 86.8 90.6 109.6 113.9 70.5 78.8 122.6 132.3
22 93.1 94.9 104.9 106.6 83.7 88.4 110.8 114.5 22 87.1 90.8 109.4 113.6 71.0 79.2 122.0 132.7
23 93.5 95.2 104.5 106.3 84.7 89.2 110.1 113.5 23 87.2 91.0 109.3 113.2 72.0 79.8 121.6 131.1
24 94.1 95.7 104.0 105.5 86.1 90.2 108.8 111.7 24 87.4 91.0 109.2 113.0 72.3 79.9 121.3 130.5
25 94.6 96.1 103.6 105.0 87.3 91.1 107.9 110.3 25 88.0 91.3 109.1 113.1 73.3 80.5 121.1 130.4

In the resampling analysis without replacement, using ≥8 and ≥17 scallops fell within ±20%
and 10% of the means of 30 individuals, respectively, with a probability of 98%. In the case of
mussels, means of ≥13 and ≥19 individuals fell within ±30% and 20% of the means of 30 individuals,
respectively, and with 98% probability (Table 5, underlined numbers in the left half). In the bootstrap
method, only 11 scallops fell within ±20% of the mean value of 30 individuals with a probability of
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98% (Table 5, double-underlined numbers in the right half), whereas the number of mussels was not
obtained from 25 individuals.

2.2.2. Estimating the Mean Concentration of the Population (Cultured Scallops) When the Individual
Concentration of a Sample Is Defined

In the former subsection, the ratio of the sample mean to the 30-individual population DST
mean was analyzed using specific individual samples. Here, the mean DST concentration of the
population (cultured scallops) was estimated using the sample mean concentration. Estimation of the
standard normal distribution population mean with the confidence interval (CI, 95% = 100 (1 − α)%) is
represented by the following equation [13]:

X − 1.96 ×
√

Var
(
X
) ≤ μ̂ ≤ X + 1.96 ×

√
Var

(
X
)

(1)

By the central limit theorem, variance Var
(
X
)
= σ2

n [13].

X − 1.96 ×
√

σ2

n
≤ μ̂ ≤ X + 1.96 ×

√
σ2

n
(2)

The unknown-population standard deviation σ can be replaced with the sample standard deviation s
calculated from the sample data. Moreover, 1.96 = t0.05(∞) and hence is generalized with tα(ν).

X − tα(ν)× s/
√

n ≤ μ̂ ≤ X + tα(ν)× s/
√

n (3)

In Equation (3), tα(ν)× s/
√

n (CI of the population mean concentration) was estimated when s
was 200 at [α = 0.05] using 10 samples. In accordance with n and α, t0.05(9) = 2.2622 from the Student’s
t-distribution in Table 6 was assigned in Equation (3).

tα(ν)× s/
√

n = 2.2622 × 200/√10 = 143.1 (4)

Table 6. Student’s t distribution.

ν
Two-Tailed Probability

0.10 0.05

2 2.9200 4.3027
3 2.3534 3.1824
4 2.1318 2.7764
5 2.0150 2.5706
6 1.9432 2.4469
7 1.8946 2.3646
8 1.8595 2.3060
9 1.8331 2.2622

10 1.8125 2.2281
11 1.7959 2.2010
12 1.7823 2.1788
13 1.7709 2.1604
14 1.7613 2.1448
15 1.7531 2.1314
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Table 6. Cont.

ν
Two-Tailed Probability

0.10 0.05

16 1.7459 2.1199
17 1.7396 2.1098
18 1.7341 2.1009
19 1.7291 2.0930
20 1.7247 2.0860
21 1.7207 2.0796
22 1.7171 2.0739
23 1.7139 2.0687
24 1.7109 2.0639
25 1.7081 2.0595
26 1.7056 2.0555
27 1.7033 2.0518
28 1.7011 2.0484
29 1.6991 2.0452
30 1.6973 2.0423
50 1.6759 2.0086

100 1.6602 1.9840
∞ 1.6449 1.9600

The two-tailed probability is 0.10 or 0.05.

At α = 0.05 and 0.10, the interval estimations (±OA group ng/g) of μ with sample sizes of 3–20
and s of 100–650 were calculated and are presented in Tables 7 and 8.

Table 7. Interval estimation (±OA group ng/g digestive gland) of μ in α = 0.05. The n columns
represent sample size 3–20 samples. Rows from 100 to 650 represent the s values.

n t (α = 0.05)
Sample Standard Deviation (s)

100 150 200 250 300 350 400 450 500 550 600 650

3 4.3027 248.4 372.6 496.8 621.0 745.2 869.5 993.7 1117.9 1242.1 1366.3 1490.5 1614.7
4 3.1825 159.1 238.7 318.3 397.8 477.4 556.9 636.5 716.1 795.6 875.2 954.8 1034.3
5 2.7764 124.2 186.2 248.3 310.4 372.5 434.6 496.7 558.7 620.8 682.9 745.0 807.1
6 2.5706 104.9 157.4 209.9 262.4 314.8 367.3 419.8 472.2 524.7 577.2 629.7 682.1
7 2.4469 92.5 138.7 185.0 231.2 277.5 323.7 369.9 416.2 462.4 508.7 554.9 601.1
8 2.3646 83.6 125.4 167.2 209.0 250.8 292.6 334.4 376.2 418.0 459.8 501.6 543.4
9 2.3060 76.9 115.3 153.7 192.2 230.6 269.0 307.5 345.9 384.3 422.8 461.2 499.6
10 2.2622 71.5 107.3 143.1 178.8 214.6 250.4 286.1 321.9 357.7 393.5 429.2 465.0
11 2.2281 67.2 100.8 134.4 167.9 201.5 235.1 268.7 302.3 335.9 369.5 403.1 436.7
12 2.2010 63.5 95.3 127.1 158.8 190.6 222.4 254.1 285.9 317.7 349.5 381.2 413.0
13 2.1788 60.4 90.6 120.9 151.1 181.3 211.5 241.7 271.9 302.1 332.4 362.6 392.8
14 2.1604 57.7 86.6 115.5 144.3 173.2 202.1 231.0 259.8 288.7 317.6 346.4 375.3
15 2.1448 55.4 83.1 110.8 138.4 166.1 193.8 221.5 249.2 276.9 304.6 332.3 360.0
16 2.1315 53.3 79.9 106.6 133.2 159.9 186.5 213.2 239.8 266.4 293.1 319.7 346.4
17 2.1199 51.4 77.1 102.8 128.5 154.2 180.0 205.7 231.4 257.1 282.8 308.5 334.2
18 2.1098 49.7 74.6 99.5 124.3 149.2 174.0 198.9 223.8 248.6 273.5 298.4 323.2
19 2.1009 48.2 72.3 96.4 120.5 144.6 168.7 192.8 216.9 241.0 265.1 289.2 313.3
20 2.0930 46.8 70.2 93.6 117.0 140.4 163.8 187.2 210.6 234.0 257.4 280.8 304.2
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Table 8. Interval estimation (±OA group ng/g digestive gland) of μ in α = 0.10. The n columns
represent sample size 3–20. Rows 100 to 650 represent the s values.

n t (α = 0.10)
Sample Standard Deviation (s)

100 150 200 250 300 350 400 450 500 550 600 650

3 2.9200 168.6 252.9 337.2 421.5 505.8 590.1 674.3 758.6 842.9 927.2 1011.5 1095.8
4 2.3534 117.7 176.5 235.3 294.2 353.0 411.8 470.7 529.5 588.4 647.2 706.0 764.9
5 2.1318 95.3 143.0 190.7 238.3 286.0 333.7 381.3 429.0 476.7 524.4 572.0 619.7
6 2.0150 82.3 123.4 164.5 205.7 246.8 287.9 329.0 370.2 411.3 452.4 493.6 534.7
7 1.9432 73.4 110.2 146.9 183.6 220.3 257.1 293.8 330.5 367.2 404.0 440.7 477.4
8 1.8946 67.0 100.5 134.0 167.5 201.0 234.4 267.9 301.4 334.9 368.4 401.9 435.4
9 1.8595 62.0 93.0 124.0 155.0 186.0 216.9 247.9 278.9 309.9 340.9 371.9 402.9
10 1.8331 58.0 87.0 115.9 144.9 173.9 202.9 231.9 260.9 289.8 318.8 347.8 376.8
11 1.8125 54.6 82.0 109.3 136.6 163.9 191.3 218.6 245.9 273.2 300.6 327.9 355.2
12 1.7959 51.8 77.8 103.7 129.6 155.5 181.5 207.4 233.3 259.2 285.1 311.1 337.0
13 1.7823 49.4 74.1 98.9 123.6 148.3 173.0 197.7 222.4 247.2 271.9 296.6 321.3
14 1.7709 47.3 71.0 94.7 118.3 142.0 165.7 189.3 213.0 236.6 260.3 284.0 307.6
15 1.7613 45.5 68.2 91.0 113.7 136.4 159.2 181.9 204.6 227.4 250.1 272.9 295.6
16 1.7530 43.8 65.7 87.7 109.6 131.5 153.4 175.3 197.2 219.1 241.0 263.0 284.9
17 1.7459 42.3 63.5 84.7 105.9 127.0 148.2 169.4 190.5 211.7 232.9 254.1 275.2
18 1.7396 41.0 61.5 82.0 102.5 123.0 143.5 164.0 184.5 205.0 225.5 246.0 266.5
19 1.7341 39.8 59.7 79.6 99.5 119.3 139.2 159.1 179.0 198.9 218.8 238.7 258.6
20 1.7291 38.7 58.0 77.3 96.7 116.0 135.3 154.7 174.0 193.3 212.7 232.0 251.3

From Tables 7 and 8, it is possible to estimate the confidence interval of the μ when s is 100–650
for 3–20 samples, when the individual concentration data of the sample are acquired.

From Equation (5), derived from Equation (3), the s value can be calculated to estimate the mean
density of μ within interval ±160 ng/g (one-tenth of the digestive gland regulatory limit).

tα(ν)× s/
√

n ≤ 160 (5)

s ≤ 160/tα(ν)×
√

n. (6)

In Equation (5), the s was estimated using t0.05(9) = 2.2622 from Student’s t-distribution table.

s ≤ 160/tα(ν)×
√

n = 160/2.2622 × 3.1622 = 223.7 (7)

At α = 0.05 and 0.10, the estimation of s with the mean density of μ within interval ±160 ng/g with
sample sizes of 3–20 were calculated and are presented in Figure 7.

Figure 7. Estimation of s with the mean density of μ within interval ±160 ng/g at (a) 95% or (b) 90%
confidence. The X axis n represents a sample size of 3–20.

For an actual sample, when the calculated s is less than or equal to the graph value (striped zone
of Figure 7), it is considered that the mean concentration of μ can be estimated with an interval of
±160 ng/g and 90% or 95% confidence.
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2.2.3. Adequacy of Sample Size Based on the t-Value and Confidence Interval

The values in Tables 7 and 8 and in Figure 7 are derived by equations with a t-value as a coefficient.
n is a natural number, and the statistical degrees of freedom (ν) is a linear function. On the other hand,
the t-value is defined by Equation (6) [14,15], and the upper cumulative probability (1/2 α) of the t
distribution is derived from Equation (7).

f (t) =
Γ
(

ν+1
2

)
√

νπΓ
(

ν
2
)(1 +

t2

ν

)− ν+1
2

(Γ is Gamma function) (8)

1/2α =

∞∫
x

f (t, υ)dt (9)

In Equation (7), although the t-value (x) is determined by the degrees of freedom ν and significance
level α, it is inversely correlated with the ν and α, and the t-value (x) gradually approaches infinite
degrees of freedom at each significance level. Figure 8 represents the t-value of α = 0.10 or 0.05 with ν

= 2–30. The t-value increases as the confidence value becomes greater, without intersection.

Figure 8. The t-value of α = 0.05 or 0.10 with ν = 2–30. (a) Triangles are t0.05(2–30); (b) diamonds are
t0.10(2–30). The dotted lines show (a) y = 1.9600 and (b) y = 1.6449. The red circles represent the t-values of n
= (20, 25, 30) at α = 0.05 or 0.10, and red double lines approximate the straight line of each t0.05(20, 25, 30)
and t0.10(20, 25, 30). The red equations on the graph represent a linear approximation line of t-values.

Ultimately the line is nearly straight with zero slope passing through the t-value at each infinity
ν (t0.10(∞) = 1.6449 or t0.05(∞) = 1.9600 equal to the standard normal distribution at each confidence
level). When t = 0.05 or 0.10, points of n = 20, 25, 30 and approximate straight lines are drawn on a
t-value graph (Figure 8, red double lines). Although the coefficient of approximate straight lines varies
depending on the desired value and confidence, the risk of the obtained estimation value is greatly
reduced as the sample size increases and the t-value approaches each linear approximation.

Both approximate straight lines start to diverge from the t-value around ν = 13 (n = 14), and the
t-value increases exponentially as ν decreases. From the samples of about 14 or more, the relation
between the risk of the estimated value and the size of the sample is assumed to describe a linear
function. Thus, it is desirable to use a sample size of at least 14 when estimating the mean concentration
of the population. When the sample size is 13 or less, the risk of the estimate value increases
exponentially as the sample size decreases.

The graph of f (t, ν = 100) and the standard normal distribution f (t, ν = ∞) are almost identical
(Figure 9c). The difference between t0.10(100) and t0.10(∞) or that between t0.05(100) and t0.05(∞) is
0.0153 or 0.024, respectively (Table 6). These levels are within a margin of error that does not matter
practically. The ideal number of samples is 14 (ν = 13) or more, but considering the mathematical
errors, 13 (ν = 12) or more samples is assumed to be a practical allowable range.
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Figure 9. Overlay graphs of f (t, ν = 30, 50, and 100) red lines, and the standard normal distribution f (t,
ν = ∞) black lines. (a) f (t, ν =30) and f (t, ν = ∞); (b) f (t, ν = 50) and f (t, ν = ∞); (c) f (t, ν = 100) and f (t, ν = ∞).

3. Discussion

Some Dinophysis species in Japan produces DTX1 as the dominant toxin [7,16]. In scallops, results
showing that DSTs were detected exclusively in the digestive glands and that the adductor muscles
were free of DSTs agree with the results of our previous feeding experiment study [11].

In our samples, the ratio of the digestive glands to the whole meat of the mussels was about
15% (data from three groups of 30 mussel samples). Some of the mussels collected on 2 June and
7 July exceeded the regulatory level, but none of the scallop samples exceeded the regulatory level.
Even though the scallops and mussels were cultured in the same spot, the amounts of accumulated
DSTs and their variabilities tended to be higher in mussels than in scallops. The mussels adhered to
each other via the byssus, whereas the scallops were separated from each other in the net. Ecological
factors and metabolism may be involved in the magnitude of DST variability in mussels and scallops.
Concentration fluctuations and DST variation determined by water depth (Figure 4) seem to reflect
the vertical distribution of Dinophysis in the water column and the individual metabolism of scallops.
The peak of Dinophysis species cell density was assumed to have occurred in July, but unfortunately
our data did not identify this trend.

Given a sufficient sample size, it is common practice to homogenize and prepare samples, and
this makes sense from the viewpoint of equalizing the samples. Generally, according to the law of large
numbers, when an appropriate sample size is collected, there is no problem in obtaining the mean
value of the population even if the samples are combined. However, this theorem does not present the
validity of the sample size, and in fact it is a problem that convergence of mean value requires plenty
of samples. Hence, there is important question as to what the pooled sample size should be. It should
also be noted that valuable information on the toxin concentrations in individual shellfish flesh is lost
by homogenization and cannot be used to estimate risk.

In the current DST testing of scallops or mussels, it is not feasible to collect 30 individuals, so the
number of individuals necessary to reflect the mean DST content of 30 samples collected were estimated
in scallops and mussels by statistical resampling analysis using the actual values. Approximately 8 or
more samples were considered adequate for scallops, as the variation in DTX1 levels was less than that
of mussels. In the bootstrap analysis of more highly variable mussels, 25 samples were insufficient to
fall within ±30% of mean value with a probability of 98%. The sample size required changes according
to the desired degree of uncertainty level, and the calculation results are restricted to those specific
already-known sample data.

As mentioned above, usually a sample size of 30 is difficult to obtain for scallops or mussels.
Therefore, we used statistical methods to estimate the mean value of the general population under
more practical conditions. Estimation of the population by statistical processing and estimation of the
size of necessary samples are basic methods that are described in some textbooks [13,17]. However,
no cases have been applied to the field of shellfish toxins. To estimate the mean value of the DST
populations of shellfish samples, the samples must be distributed normally in order to apply the
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statistical parametric test equation. From the individual data group (Figures 3 and 5), the DSTs of
each sample basically have a one-peak distribution in which the histogram is almost symmetrical,
and the mean and median values are almost matched. Thus, regardless of the concentration, when the
variation was not extremely large, it was considered normally distributed. Moreover, it is necessary to
take as random a sample as possible from the fact that the total of the depth distribution graph with
5–15 m takes a more normal distribution (Figure 5d,h).

According to the calculation results of Equations (3) and (5) (Table 7 and Figure 7), if there is
individual information about the samples, the risk can be evaluated as a concrete figure for the mean
concentration of the population. Even when the sample size is less than 5, the interval estimation
against DST can be obtained from the value. This makes it possible to evaluate whether sampling
is sufficient or not as well as the risk of estimating population concentration. Attention should be
paid to the difference between σ and s in these statistical calculations. The statistical definition of σ is
completely different from that of s, and s is required for estimating the value. Although in this report
we did not deal directly with other shellfish toxins such as paralytic shellfish toxins (PST), the mean
concentration of the population and the risk can be estimated and evaluated according to Equation (3)
in the same manner.

As the sample size increases in t-value, the slope of the linear approximation decreases and the
value becomes strict (Figure 8). Finally, it is a straight line with zero slope passing through the infinity
t-value with the necessary reliability (ex, y = t0.10(∞) = 1.6449 or y = t0.05(∞) = 1.9600). The larger the
sample size, the better, but in practice there are many cases where statistical ideals are not satisfied due
to various restrictions. In the case of scallops or mussels, calculation of an approximate expression
using an impractically large size of samples is irrational and not applicable to real-world conditions.
Hence, the linear approximate expression at each reliability (α = 0.10 or 0.05) was calculated using
samples of 20, 25, and 30 in this study (Figure 8). Samples of about 14 or more for scallops or mussels
were derived as ideal sample sizes as the result of the estimation from Figure 8. Because the graph of
f (t, ν = 100) and the standard normal distribution f (t, ν = ∞) are almost identical (Figure 9), 13 or more
samples are considered to be a practical preferred range including mathematical errors.

On the other hand, in an investigation or analysis that can sample from 100 to 1000 individuals,
another criterion corresponding to such sample size should be applied. A small sample size such as n
= 3 and a high risk of α = 0.10 are presented in this report for research purposes. The desired minimum
sample size is 13 or more, and it is necessary to carefully consider the risk corresponding to α = 0.10,
meaning a rejection rate of 10%.

In conclusion, our study shows that DSTs in scallops and mussels are localized in the digestive
gland and the DST concentrations have a normal distribution. Statistical analysis of the normal
distribution data enables estimation of DST population-interval and shows that a sample size of 13
or more individuals is desirable. Simple evaluations and calculations using tables in this article can
be applied in various situations. Although it is inevitable to combine samples at the time of the
actual inspection of shellfish, in research, it is desirable to try to acquire as much important individual
information as possible, to obtain more accurate values, and to evaluate the risks. Those results are used
as an index for risk assessment and are expected to contribute to risk management in shellfish toxins.

4. Materials and Methods

4.1. Plankton Monitoring

One liter of seawater was sampled from May to August 2016 using Van Dorn bottles at 5 m depth
intervals from Yakumo Station (42◦16.208′ N, 140◦20.568′ E) in Uchiura Bay (Funka Bay), Hokkaido,
Japan. Each 1 L sample was concentrated and resuspended to 10 mL by filtration through a 20-μm
mesh plankton net sieve and fixed with 1.25% glutaraldehyde. To estimate the densities of Dinophysis,
1 mL of each sample was stained with 0.01% of fluorescent dye (Whitex BB, Sumitomo Chemical,
Chuo-ku, Tokyo, Japan) and observed with an inverted epifluorescence microscope (IX71, Olympus,
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Shinjuku-ku, Tokyo, Japan) under UV light excitation. Vertical profiles of temperature and salinity
were obtained from CTD (RINKO-Profiler ASTD102, JFE Advantech, Nishinomiya, Hyogo, Japan)
casts. Water transparency was recorded using the Secchi disk (30 cm in diameter, RIGO CO. LTD.,
Bunkyo-ku, Tokyo, Japan).

4.2. Scallops and Mussels

Scallops and mussels, several individuals grown on each lantern net [10] at the same point, were
collected from Nonai Station (40◦52′ N, 140◦07′ E, Depth = 32 m) in Mutsu Bay, Aomori Prefecture,
Japan, in 2014. The Aomori prefecture is located at the northern end of Honshu Island. Other scallops
with ear-hanging [10] were harvested near Yakumo Station (42◦16.558′ N, 140◦20.000′ E) of Uchiura
Bay, Hokkaido, Japan, in 2016. Hokkaido is the northernmost prefecture of Japan.

4.3. Extraction of DSTs and Hydrolysis of Esterified DSTs

Each dissected tissue was homogenized with 9 volumes of methanol-distilled water (9:1, v/v),
and the homogenates were centrifuged at 3000 rpm for 5 min [18]. Alkaline hydrolysis of the OA group
was carried out according to the EU harmonized standard operating procedure for lipophilic marine
biotoxins in molluscs by LC-MS/MS, ver. 5 [19]. For hydrolysis, 125 μL of 2.5 M NaOH solution was
added to a 1 mL aliquot of a methanolic extract of each sample. The mixture was kept at 80 ◦C for 30
min and neutralized with 125 μL of 2.5 M HCl. The hydrolyzed samples were analyzed by LC/MS/MS
without further purification.

4.4. Standard Toxins

The National Metrology Institute of Japan certified reference material of okadaic acid (OA)
and dinophysistoxin-1 (DTX1) [20] were dissolved in HPLC-grade methanol to prepare the
calibration standards.

4.5. LC/MS/MS Analysis of DSTs

OA and DTX1 in sample extracts were analyzed and quantified by LC/MS/MS as reported
previously [16,18]. Triplicate analyses were carried out for each sample extract. Multiple reaction
monitoring (MRM) LC/MS/MS analysis for toxins was carried out using [M − H]− as target parent
ions in Q1 and particular fragment ions of each toxin in Q3, with a dwell time of 100 ms for each
analogue as follows. OA: m/z 803.5 > 255.3; DTX1: m/z 817.5 > 255.3. LoD (limit of detection) of OA and
DTX1 < 0.01 mg/kg. The proportion of the DTX1 quantity corresponding to each tissue was calculated
by multiplying the concentrations by the total tissue weight.

4.6. Statistical Analyses

Statistical analysis program R [21] with boot (https://CRAN.R-project.org/package=boot) and
MASS (https://CRAN.R-project.org/package=MASS) packages were employed for resampling
analysis and for graphing the standard normal distribution and t-distribution. The values repeatedly
calculated 10,000 times with 5–25 random samplings from 30 scallops or mussels were converted to
percentages as compared with the mean value of 30 scallops or mussels. This computation is a kind of
bootstrap method that has been modified so as not to allow replacement. This provides an estimate
of the mean distribution, and how the mean varies depending on the size of samples is presented.
The bootstrap method is also applied in the same manner except to allow replacement. Since the
resampling analysis without replacement picks up different random samples and the bootstrap method
may pick up random samples, including the same samples, more stringent results can be obtained.

Population is parent population.
Sample size is the number of individuals within a group. Number of samples is the number

of groups.
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N = number of individuals in the population.
n = number of individuals in the sample.

The population mean is represented by the Greek letter mu (μ), and μ̂ represents the estimator.
The xi is an individual sample value, and the sample mean is represented by x.
The population variance is denoted by σ2.

σ2 =
1
N

N

∑
i=1

(xi − μ)2 (10)

The population standard deviation is denoted by σ.

σ =
√

σ2 (11)

The sample variance is denoted by s2.

s2 =
1

n − 1

n

∑
i=1

(
Xi − X

)2 (12)

The sample standard deviation is denoted by s.

s =
√

s2. (13)

Two-tailed significance level (α) = 0.05 or 0.10.
Confidence level = 1 − α.
Confidence interval (CI) = 100 (1 − α)%.
Statistical degrees of freedom = n − 1 = Greek letter nu (ν).
t is derived from Student’s t-distribution table using n − 1 and α (Table 6).

According to the central limit theorem, regardless of the distribution of the population, if the
sample number is made sufficiently large, the error between the population mean and the sample
mean follows a normal distribution.

According to the law of large numbers, if the sample size is made sufficiently large, the sample
mean converges to the population mean.
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Abstract: The harmful effects of diarrhetic shellfish poisoning (DSP) toxins on mammalian cell
lines have been widely assessed. Studies in bivalves suggest that mussels display a resistance to
the cytogenotoxic effects of DSP toxins. Further, it seems that the bigger the exposure, the more
resistant mussels become. To elucidate the early genetic response of mussels against these toxins,
the digestive gland and the gill transcriptomes of Mytilus galloprovincialis after Prorocentrum lima
exposure (100,000 cells/L, 48 h) were de novo assembled based on the sequencing of 8 cDNA libraries
obtained using an Illumina HiSeq 2000 platform. The assembly provided 95,702 contigs. A total of
2286 and 4523 differentially expressed transcripts were obtained in the digestive gland and the gill,
respectively, indicating tissue-specific transcriptome responses. These transcripts were annotated
and functionally enriched, showing 44 and 60 significant Pfam families in the digestive gland and
the gill, respectively. Quantitative PCR (qPCR) was performed to validate the differential expression
patterns of several genes related to lipid and carbohydrate metabolism, energy production, genome
integrity and defense, suggesting their participation in the protective mechanism. This work provides
knowledge of the early response against DSP toxins in the mussel M. galloprovincialis and useful
information for further research on the molecular mechanisms of the bivalve resistance to these toxins.

Keywords: DSP toxins; bivalves; mussel; resistance; RNA-Seq; qPCR; metabolism; defense; immunity

Key Contribution: This work describes the transcriptome and gene expression profiles of
M. galloprovincialis digestive gland and gill after early exposure to DSP toxins. Results showed that
differentially expressed genes (DEGs) include genes involved in defense, immunity and metabolism,
although some of them have been described as DEGs in response to other stimuli. This indicates
that the mussel defense reaction is to some extent unspecific. This study also indicated that the
expression of rpS4 and TPM genes in the digestive gland under these experimental conditions is
stable and, therefore, these genes can be employed as reference genes to normalize gene expression
in qPCR experiments carried out in mussels exposed to low concentrations of DSP toxins for short
time periods.

1. Introduction

Nowadays, harmful algal blooms (HABs) constitute one of the most important sources of natural
contamination in the marine environment. This term refers not only to the phenomena originated by
the proliferation of harmful algae, but also the phenomena caused by proliferation of toxic algae [1].
Although there is still a considerable absence of high quality time-series data in most regions affected by
HABs [2], the blooms caused by the outbreaks of diarrhetic shellfish poisoning (DSP) toxin producing
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species seem to be associated with most of the HABs detected in European coasts [3]. These toxins are
produced by dinoflagellates of the Dinophysis and Prorocentrum genera and constitute a heterogenous
group of polyethers, including okadaic acid (OA) and its analogs, the dinophysis toxins (DTXs) [3–8].
In terms of abundance and consequent toxicity, OA is considered the main DSP toxin followed by DTX1,
while DTX3—a less abundant DSP toxin—has become important because of its production through
metabolic transformations that occur in some bivalves [7]. DTX1 seems to have similar toxicity levels
to that of OA, while DTX2, DTX3 and DTX4 are less acutely toxic. On the other hand, the acylation of
the 7-hydroxyl group with a saturated fatty acid forms compounds which are approximately 20 times
less toxic than OA [9]. DSP toxins have a high lipophilic character, which allows for them to be
accumulated in the fatty tissues of filter-feeding organisms—mainly in bivalve mollusks—and be
transferred across the food chain, causing several gastrointestinal disorders [6]. Currently, efficient
monitoring programs have been established by many countries to ban the harvesting of contaminated
seafood and therefore, avert human intoxications [3]. However, seafood with small quantities of DSP
toxins is still commercialized.

Since the ability of OA to inhibit several types of serine/threonine protein phosphatases was
discovered by Bialojan and Takai [4], numerous works have studied the harmful effects of this toxic
compound on different model systems, including different mammalian cell lines [8]. However,
studies that assess the effects of these toxins in their main vectors—bivalve mollusks—are scarce.
Recent studies carried out by our research group showed that DSP toxins cause more severe genotoxic
and cytotoxic effects in bivalve cells at low concentrations and short exposition times, while these effects
decrease or disappear as exposure increases in concentration and time [5,10–12]. This suggests that
these organisms may have developed a quick protection mechanism against these toxic compounds.
This may be associated with the accumulation, transformation and elimination of DSP toxins. This still
unknown mechanism is of great interest for predicting the time course of toxic episodes and for
reducing their negative consequences. With the aim of obtaining knowledge about this early genetic
response, our research group has assessed the immediate effects caused by DSP toxins in the mussel
Mytilus galloprovincialis using different stress indicators: DNA breaks, number of apoptotic cells [12],
lipid peroxidation and antioxidant enzyme activities [10]. Although these indicators constitute a good
approach to assess the first harmful effects produced by these toxins, they offer just a partial view
on mussel response to toxic compounds. Taking this into account, it seems necessary to carry out
analyses on the transcriptome response of mussels to DSP toxins to obtain a global perspective on
their defense mechanisms against these toxins. Previous works used transcriptomic techniques to
determine M. galloprovincialis transcriptome response to several stimuli, including marine toxins and
pathogens [13–19]. Transcriptomic techniques such as RNA-Seq provide a valuable contribution to
determining which gene pool expression is induced or suppressed depending on its physiological role
in response to different treatments [20].

Some works have determined that the accumulation and distribution of DSP toxins in mussels is
tissue specific [21,22]. The digestive gland is the mussel tissue that accumulates the most DSP toxins
and is considered the main site of toxin bioconversion [23]. Furthermore, gills have numerous functions
related to feeding, digestion and elimination of wastes and contaminants. The large surface and thin
epithelium of the mussel gill make it an efficient site for direct interaction with the environment.
Thus, gills efficiently capture suspended food particles—thanks to the mucus produced by them—and
mediate their transport through the mussel mouth and digestive system [24].

In this work the whole transcriptome of the mussel M. galloprovincialis was de novo assembled
and differentially expressed genes (DEGs) in digestive gland and gill after early exposure to DSP
toxin-producer Prorocentrum lima were identified in order to determine the first response of these
bivalve mollusks to these toxins and identify transcripts which could participate in the resistance
mechanisms of mussels against the harmful effects of DSP toxins. Previous studies have characterized
gene expression changes related to exposition to OA in bivalve mollusks [17,18,25,26] but to our
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knowledge, this is the first work that uses RNA-Seq to study the early transcriptional response of the
mussel M. galloprovincialis to DSP toxins under short exposure to low concentrations of P. lima.

2. Results

2.1. Toxin Accumulation

According to the High Performance Liquid Chromatography/Mass Spectrometry (HPLC/MS)
analyses, the P. lima strain AND-A0605 had an average toxin content of 0.4 pg OA/cell. Control mussels,
fed with a mixture of Isochrysis galbana and Tetraselmis suecica, did not accumulate OA (<0.1 ng/g
dry weight), while OA accumulated in treated mussels—fed also with P. lima—was 112.12 ng/g dry
weight. Based on these results, and since these levels are well below the limit allowed by the European
Commission Regulation for harvesting and sale (160 μg of OA equivalent/kg dry weight), we could
consider that the mussels were exposed to low microalga cell densities, similar to those at the early
stages of a HAB [27].

2.2. Transcriptome Sequencing and De Novo Assembly

In order to investigate the defense mechanisms of mussels exposed to DSP toxins, eight libraries
derived from the digestive gland and the gill of the mussel M. galloprovincialis, in the absence of and
under low densities of P. lima exposure, were constructed and sequenced using an Illumina sequencing
platform. After de novo assembly with Trinity and Oases and their subsequent clustering by homology,
95,702 transcripts were obtained. Mean transcript size was 748 bp, with lengths ranging from as small
as 100 bp to as a large as 16,082 bp. About 78% of the final assemblies were >200 bp and a N50 length
of 1062 bp was obtained (Table 1).

Table 1. Summary of reference transcriptome assembly for M. galloprovincialis.

Total number of contigs 95,702 L25 1682 bp
Total length 71,623.079 Kb N50 21,152

Maximum contig length 16,082 Kb L50 1062 bp
Minimum contig length 102 pb N75 42,376
Average contig length 748 bp L75 668 bp

N25 7537 %GC 33.20%

2.3. DEGs Among Samples

Transcriptomic analyses were performed with the aim of identifying the main molecular
mechanisms involved in the response of mussels to early contamination by DSP toxins. Using a
RNA-Seq experiment, we generated transcriptome profiles for the digestive gland and the gill of the
mussel M. galloprovincialis exposed to low densities of P. lima (100,000 cells/L) for a short period of
time (48 h) and compared these data with profiles obtained from the digestive glands and the gills of
control mussels. Sequences of all DEGs obtained are listed in File S1. A Venn diagram was used to
depict the overlapping of DEGs when libraries were compared (Figure 1). Regarding the digestive
gland, there were a total of 2286 DEGs between treatment and control groups, from which 1198 and
1088 transcripts were up- and down-regulated, respectively. Regarding the gills, there were a total
of 4523 DEGs between both groups (treatment and control), from which 2579 and 1944 transcripts
were up- and down-regulated, respectively. As a complementary analysis, the comparison of treated
digestive glands and gills showed a total of 27,174 DEGs; 14,985 of them were up-regulated transcripts,
while 12,189 were down-regulated (File S2). Only 26 transcripts out of all DEGs obtained were detected
in all comparisons, with 17 and 9 of them being up- and down-regulated, respectively. The comparison
of digestive glands and gills showed a total of 253 DEGs, from which 110 and 143 transcripts were
up- and down-regulated, respectively. These DEGs could be useful for discovering genes involved in
the early response to DSP toxins and, thereby, for identifying putative biomarkers for monitoring in
advance of contamination episodes in the marine environment.
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Figure 1. Venn diagram indicating the overlaping of genes significantly up-regulated (green arrows)
and down-regulated (red arrows) when DEGs from different libraries were compared.

2.4. Gene Functional Annotations

Only 6% of the contigs included in the reference transcriptome showed BLAST similarity to
proteins. About 20% of transcripts showed similarity to protein sequences deposited in the UniProt
database and approximately 50% showed Pfam annotations. Thus, a relevant fraction of the contigs
included in the reference transcriptome obtained in this work did not display any BLAST similarity
or annotation.

Tables 2–5 show the 25 most significantly up- and down-regulated genes in the digestive gland and
the gill after exposure to low concentrations of DSP toxins (100,000 cells/L) for a short time period (48 h).
Among the top over-represented DEGs in the digestive gland are genes that encode enzymes involved
in the electron transport chain or mitochondrial oxidative phosphorilation (cytochrome c oxidase), as
well as genes that encode ribosomal proteins or proteolytic enzymes (ribosomal protein L23a) (Table 2).
Among the infra-represented genes in this tissue are also genes that encode enzymes of the electron
transport chain (NADH dehydrogenase subunit 5) and ribosomal proteins (40S ribosomal protein
S10-like). On the other hand, there are genes related to apoptosis (GTPase IMAP family member 7) and
genes that encode proteins involved in the formation of nacre, promoting the crystallization of calcium
carbonate (Perlucin) (Table 3). Similar to the digestive gland, among the over-represented genes in the
gill (Table 4) are genes that encode enzymes of the electron transport chain (NADH dehydrogenase
subunit 6) and proteins that play a role in the regulation of ion transport (calcyphosin-like protein).
In contrast to the results obtained in the digestive gland, a gene encoding the cytochrome c oxidase
subunit I is significantly down-regulated (Table 5). Also, a gene that encodes a protein involved in
lipid metabolic processes and endocytosis is down-regulated in this tissue in the early response to DSP
toxins (Table 5).
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Functional enrichment studies performed using Pfam annotations obtained from the DEGs,
showed 44 and 60 Pfam families significantly enriched in the digestive gland and the gill, respectively
(File S3). Among these enriched domains, we found genes coding for proteins involved in GTP
and calcium ion binding, transport, antibacterial activity and immune system in the digestive gland
(Table 6). On the other hand, domains related to cell adhesion, cell-cell recognition, protein binding,
immune system and correct folding of proteins were found in the gill (Table 7).

Table 6. Pfam families significantly enriched (False Discovery Rate (FDR) adjusted p-value < 0.1) with
seven or more differentially expressed genes in digestive gland.

Category Number of Genes p-Value

PF04548.11//AIG1 26 0.00248912
PF01926.18//MMR_HSR1 25 0.0029543

PF00059.16//Lectin_C 21 0.01366918
PF00100.18//Zona_pellucida 16 0.00403746

PF13499.1//EF-hand_7 14 0.00221868
PF13405.1//EF-hand_6 14 0.00355134

PF00036.27//EF-hand_1 13 0.00065889
PF13202.1//EF-hand_5 13 0.02872925
PF13833.1//EF-hand_8 12 0.02032022

PF00361.15//Oxidored_q1 10 0.00489835
PF00119.15//ATP-synt_A 8 0.00023995

PF10690.4//Myticin-prepro 8 0.02237525
PF07679.11//I-set 7 0.04744078

Table 7. Pfam families significantly enriched (FDR adjusted p-value < 0.1) with seven or more
differentially expressed genes in gill.

Category Number of Genes p-Value

PF00386.16//C1q 36 5.2 × 10−8

PF00036.27//EF-hand_1 31 0.00035296
PF13499.1//EF-hand_7 29 0.00014495
PF13405.1//EF-hand_6 27 8.61 × 10−5

PF00147.13//Fibrinogen_C 25 0.01665835
PF13202.1//EF-hand_5 23 0.00079724
PF13833.1//EF-hand_8 20 0.00015502

PF10690.4//Myticin-prepro 13 0.01435613
PF00361.15//Oxidored_q1 13 0.03222834

PF07679.11//I-set 9 0.00010238
PF09458.5//H_lectin 9 0.00621282

PF01607.19//CBM_14 9 0.02592731
PB002965//Pfam-B_2965 9 0.03289021

PF13895.1//Ig_2 8 0.00039907
PF00119.15//ATP-synt_A 8 0.01065053

PF13927.1//Ig_3 7 0.00090571
PF00092.23//VWA 7 0.00272518
PF07686.12//V-set 7 0.01729404

PF03281.9//Mab-21 7 0.03056683

All DEGs from each tissue were classified according to the three main Gene Ontology (GO)
aspects (biological processes, molecular functions and cellular components) and subcategories within
(Figures 2 and 3). Among the biological processes obtained for the digestive gland, proteolysis involved
in the cellular protein catabolic process deserved special recognition for its down-regulation, while
protein folding and translation are two of the most up-regulated processes. Regarding molecular
functions, zinc and metal ion binding, as well as NADH dehydrogenase activity, showed considerable
down-regulation in the digestive gland exposed to DSP toxins, while protein, GTP and RNA binding
were up-regulated when the digestive gland responded to these toxins. The cellular components
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most involved in the response against DSP toxins seem to be the cytosol and the mitochondrion
(cellular components up-regulated), while numerous sequences related to the extracellular exosome
are down-regulated.

Figure 2. GO classification of DEGs from the digestive gland of the mussel M. galloprovincialis exposed
to the DSP toxin-producing dinoflagellate P. lima. Overrepresented and infrarrepresented biological
processes, molecular functions and cellular components are shown. Red and green bars represent
the number of down- and up-regulated genes in each category, respectively. The length of the bars is
determined by the number of genes identified within each subcategory.

Regarding gills, the main down-regulated biological process when this tissue is exposed to DSP
toxins is apoptosis. On the contrary, processes such as translational initiation or ATP synthesis coupled
proton transport are over-represented after exposure to DSP toxins. When molecular functions are
considered, RNA binding and NADH dehydrogenase activity are mostly up-regulated, while iron ion
binding, sequence-specific DNA binding or cytochrome c oxidase activity are mainly down-regulated
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in the presence of DSP toxins. In this tissue, those cellular components most involved in the response
against DSP toxins seem to be the nucleolus and the mitochondrion.

Figure 3. GO classification of DEGs from the gill of the mussel M. galloprovincialis exposed to the DSP
toxin-producing dinoflagellate P. lima. The overrepresented and infrarrepresented biogical processes,
molecular functions and cellular components are shown. Red and green bars represent the number of
down- and up-regulated genes in each category, respectively. The length of the bars is determined by
the number of genes identified within each subcategory.

2.5. Real-Time Quantitative PCR (qPCR) Validation

We selected 10 DEGs for real-time qPCR confirmation based on their functions (lipid metabolism
and immunity): seven up-regulated, two down-regulated and one with no differential expression.
Regarding the digestive gland, big defensin 2 (BD2), NADH dehidrogenase subunit 5 (NADH5) and
KAZAL domain containing protein (KAZAL DC) were up-regulated, GIY-YIG domain containing
protein (GIY-YIG DC) was down-regulated and Dynactin-subunit-6-like (DYNA) showed no expression
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changes. Regarding the gills, Cytosolic phospholipase A-2 like (CPLA2), Arachidonate 15-lipoxygenase
B-like (ALOX15B), Alpha-L-fucosidase-like (FUCA) and H_Lectin domain containing protein
(H_Lectin DC) were up-regulated, while Fibrinogen_C domain containing protein (Fibrinogen_C
DC) was down-regulated.

The heatmap provided in Figure 4 illustrates the expression levels of these genes in each library.

Figure 4. Heatmap showing expression levels of a set of annotated genes involved in the early response
to DSP toxins in mussels and selected for qPCR validation. Columns represent one library each and
cells depict gene expression levels based on the number of reads. MGC: library obtained from digestive
glands of control mussels. MGT: library obtained from digestive glands of treated mussels. MBC:
library obtained from gills of control mussels. MBT: library obtained from gills of treated mussels.

To confirm these patterns of expression by means of real-time qPCR, specific primers were
designed. Sequences of these primers are shown in Table 8.
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NormFinder software showed that rpS4 and TPM genes were the most stable genes and identified
them as the best two-gene combination among all potential reference genes. These two genes also
showed the lowest SD values when analyzed with BestKeeper. Moreover, their suitability as reference
genes was supported by RefFinder results. Therefore, taking into account the combination of all results
from the different analysis methods used (Table 9), TPM and rpS4 were identified as the most stable
pair of reference genes in the digestive gland. These two genes were used for the normalization of
gene expression in real-time qPCR.

Table 9. Rank of six candidate reference genes for real-time qPCR calculated by Normfinder and
BestKeeper analyses.

Rank Normfinder Stability BestKeeper SD r

1 rpS4 0.07 rpS4 0.46 0.732
2 TPM 0.17 TPM 0.50 0.448
3 GAPDH 0.20 GAPDH 0.64 0.669
4 18S 0.37 18S 0.71 0.827
5 18S-L33448 0.76 18S-L33448 1.08
6 EF1 1.78 EF1 2.91

SD: standard deviation; r: coefficient of correlation between each gene and the BestKeeper index.

The results of normalized expression (Figures 5 and 6) validated the previous observations
obtained using RNA-Seq. Fibrinogen_C DC, FUCA and NADH5 qPCR analyses were carried out
using three biological replicates.

Figure 5. Relative transcript levels for each selected gene of digestive gland of the mussel
M. galloprovincialis exposed to the DSP toxin-producing dinoflagellate P. lima. Blue bars: control
samples. Green bars: samples treated with 100,000 cells/L for 48 h (mean ± SE). NRQ: Normalized
Relative Quantification. n = 4. * indicates significant differences to control according to Mann-Whitney’s
U-test (p-value < 0.05).
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Figure 6. Relative transcript levels for each validated candidate gene of gill of the mussel M. galloprovincialis
exposed to the DSP toxin-producing dinoflagellate P. lima. Blue bars: control samples. Green bars:
samples treated with 100,000 cells/L for 48 h (mean ± SE). NRQ: Normalized Relative Quantification.
n = 4. * indicates significant differences to control in Mann-Whitney’s U-test (p-value < 0.05).

3. Discussion

Given the scarce knowledge of the resistance mechanisms involved in the early response of bivalve
mollusks to marine toxins, the data presented in this work represent an important resource. Compared
to other transcriptional works carried out in the digestive gland of the mussel M. galloprovincialis [13,15],
a great number of DEGs were identified in the present study. This suggests a major impact of DSP
toxins on gene expression regulation in the digestive gland and the gill of this species.

This study also revealed numerous transcripts assigned to Pfam families related to transport,
cell adhesion, protein binding, calcium-binding proteins or immune system, among others. Many of
these domains were also identified when haemolymph and digestive gland transcriptomes of mussel
were analyzed in response to Vibrio alginnolyticus infection and domoic acid exposure [15,28,29].
Previous works carried out in bivalves exposed to marine toxins have shown significant changes in the
expression levels of genes and proteins related to detoxification processes, such as cytochromes p450,
ATP-binding cassette (ABC) transporters or glutathione S-transferases (GST) [12,15,30,31]. Surprisingly,
although some of these genes are included among the DEGs in our results, they were not found among
the most significant ones. Guo et al. [32] suggested the possible implication of p450 genes in OA
metabolism in humans, generating new metabolites with less capacity to inhibit PP2A in comparison
to OA. However, these transformations would not be completely effective to OA detoxification, which
could explain our results.

Regarding GO, cellular organization and biogenesis, protein metabolism and modification,
catabolism, response to stress and death and cell death are some of the biological processes most
involved in the mussel response against toxins [33]. This is partially consistent with the main biological
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processes assigned in the present work when the digestive gland and the gill of mussels were exposed
to DSP toxins. However, our data showed an important down-regulation of genes related to metabolic
and apoptotic processes in the digestive gland and the gill, respectively, which may lay behind the
first harmful effects of DSP toxins in these tissues. This result is not in agreement with the apoptosis
induction observed in digestive glands when Mediterranean mussels were fed OA-contaminated
nutrients [19]. Among the molecular functions involved in mussel response to toxins are protein
binding, catalytic activity and transporter activity [33]. A similar result was obtained in the present
work, although with important cytochrome-c oxidase and NADH dehydrogenase activities. On the
other hand, the main cellular components shown in comparative transcriptomic studies of bivalves
exposed to toxins were cytoplasm, nucleus, extracellular region and mitochondrion [33]. This is
in agreement with some of the cellular components identified in the present work. However, our
results also seem to show a key role of the extracellular exosome and respiratory chain in both mussel
tissues—the digestive gland and the gill—in the early response to DSP toxins. Yamashita et al. [34] had
already determined that exosomal secretion mechanisms are essential for methylmercury detoxification
in the zebrafish embryo. Also, our work revealed an important participation of membrane integral
components in the response to DSP toxins. This may be related to the known inhibitory effect of OA
on intercellular channels in mammalian cells [35].

A large amount of contigs included in the reference transcriptome obtained in this study did
not display any BLAST similarity or annotation, even with the recently sequenced M. galloprovincialis
genome [36] or with Crassostrea gigas genome [37]. That was also the case for many of the top
DEGs identified in this work that, despite their implication in the early response of mussel to DSP
toxins, could not be identified. Similar results were obtained in a previous RNA-Seq study when
digestive gland transcriptome of M. galloprovincialis was analyzed after exposure to the dinoflagellate
Alexandrium minutum, a paralytic toxin producer [13]. Taking into account the length of some of these
contigs as well as previous suggestions made by some authors, these sequences could be candidates to
long non-coding RNA (lncRNA). lncRNA can regulate the activity of other genes by interacting with
protein-coding mRNAs [38]. Milan et al. [39] observed that approximately 10% of the contigs obtained
from the transcriptome of the clam Ruditapes philippinarum were originated by natural antisense
transcription (NAT), a process that seems to be highly prevalent in bivalves.

When the data represented in the heatmap and the results obtained by qPCR were compared,
a high correlation was observed between them, clear evidence that the RNA-Seq analysis conducted in
this work was robust. Analyses in the digestive gland showed that the two most suitable genes
for qPCR gene expression normalization were rpS4 and TPM. This result is in agreement with
previous reports in which rpS4 was proposed as an optimal housekeeping gene to use under similar
conditions [10,40]. To our knowledge, this is the first time that TPM is proposed and used in mussels
to normalize qPCR data.

Our digestive gland data showed the up-regulation of different genes related to immune defense,
including BD2, NADH5 and a KAZAL DC protein. Big defensins belong to a diverse family of
peptides not only in terms of sequence, but also in terms of genomic organization and regulation of
gene expression [41]. High gene expression levels of big defensin were identified in gills of the mussel
Bathymodiolus azoricus [42]. Also, their up-regulation in haemocytes of the oyster C. gigas exposed
to A. minutum—a paralytic toxin producer—has been associated with alterations in the immune
system [43]. Similarly, big defensin gene expression was significantly up-regulated in haemolymph
of the scallop Argopecten irradians when it was exposed to OA [44]. However, in a work in which the
mussel M. galloprovincialis was exposed to the marine contaminant tris (1-choro-2-propyl) phosphate
(TCPP) big defensin was down-regulated, affecting immunocompetence. Taking into account the
high diversity of these genes [41] the big defensin identified in our work may correspond to a new
variant of M. galloprovincialis related to the response to DSP toxins. On the other hand, the NADH
protein family participates in transport and energy production. NADH is the third most frequently
detected protein in comparative transcriptional studies that are carried out in bivalves exposed to
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different toxins [33]. Our results showed a significant increase in NADH5 gene expression. This is
in line with an important up-regulation of NADH observed in a microarray designed based on data
from normalized and suppression hybridization (SSH) libraries obtained from digestive gland and gill
of the mussel M. galloprovincialis after exposition to sublethal concentrations of OA [17]. Our results
also showed high expression levels of a putative KAZAL DC protein. Gerdol and Venier [45] have
suggested that some bivalves can express Kazal-like protease inhibitors to counteract protease variants
produced by invading microbes.

On the contrary, our digestive gland data showed the down-regulation of a putative GIY-YIG
DC protein. This domain is present in many endonucleases involved in cellular processes such as
DNA repair, the restriction of incoming foreing DNA, the movement of non-LTR retrotransposons
or the maintenance of genome stability [46]. Indeed, Biscotti et al. [47] suggested that the expansion
of this family in lungfish might be a genomic defense mechanism against the threat of spreading
mobilome. Furthermore, Dittrich et al. [48] reported a gene which contains a GIY-YIG nuclease domain
as an essential gene for proper DNA damage response in Caenorhabditis elegans embryos. However,
mutants for this gene seem to have normal cell cycle arrest and apoptosis, which means this gene is
not involved in the initial signalling process following DNA damage. This fact might partially explain
the down-regulation of this transcript in the digestive gland of mussels during the early stages of DSP
exposure, the situation simulated in the present study.

Our gill data showed an up-regulation of different genes related to lipid and carbohydrate
metabolism, inflammatory response or immune defense, including CPLA2, ALOX15B, FUCA and
a H_Lectin DC protein. CPLA2 is an enzyme that plays an important role as the primary generator
of free arachidonic acid (AA)—a common precursor of a family of compounds with roles in
inflammation [49]—released from membrane phospholipids. CPLA2 expression and activity are
increased by reactive oxygen species (ROS) [50]. However, in a previous work, a decrease in lipid
peroxidation levels was observed when mussel gills were exposed to the same DSP treatment [10].
This suggests the existence of an alternative defense mechanism. On the other hand, lipoxygenases
(LOX) catalyze the generation of leukotrienes from AA producing byproducts that can function as
ROS [51]. Some mussel extracts contain fatty acids with the ability to inhibit AA oxygenation by
the cycloxigenase and LOX pathways, thus preventing inflammation [52]. In mammals, CPLA2 can
cause membrane degradation, changes in plasma and mitochondrial membrane bioenergetics and
permeability [53] and lysosomal membrane destabilization [54]. Indeed, CPLA2 is used as a stress
indicator in biomonitoring programs. Some authors have also suggested that the up-regulation of genes
involved in the inflammatory process, which was observed when digestive glands of the oyster C. gigas
were exposed to P. lima, might represent a risk to this bivalve’s integrity [55]. Heavy metals functionally
alter lysosomal membranes in haemocytes of mussels [56]. Ca2+ dependent CPLA2 enzymes play
an important role in the lysosomal membrane destabilization induced by mercury and copper in the
haemolymph cells of mussels [57]. Mussel gill exposed to low DSP toxin concentration produces
an inflammatory response associated with the up-regulation of CPLA2 and ALOX15B that may be
partially compensated by the up-regulation of antioxidant enzymes shown in many studies [10,58].

FUCA is an enzyme located in lysosomes and involved in carbohydrate metabolism. Based on
our results, this gene seems to take part in the early response of mussel gills to DSP toxins. However,
FUCA did not show gene deregulation when the gill of the scallop Nodipecten subnodosus was
exposed to Gymnodinium catenatum, while an up-regulation was observed in the adductor muscle [59].
A down-regulation of FUCA protein was observed when the scallop Pecten maximus was exposed
to hypoxia at different temperatures, suggesting an energy saving strategy by reducing protein
turnover [60]. Nevertheless, the restriction of carbohydrate metabolism does not seem to be an
important part of the early response of mussel gill to DSP toxins. Our gill data also showed
up-regulation of a putative H_Lectin DC protein. This is a common finding in this type of studies, since
type C lectins are usually overrepresented in bivalve transcriptomes exposed to marine toxins [17,61].
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However, there is still relatively little information available about this domain related to cell adhesion
and carbohydrate binding.

On the other hand, our gill data showed the down-regulation of a putative Fibrinogen_C DC
protein. A study about the immune system of the mussel M. galloprovincialis identified fibrinogen as
one of the most abundant transcripts in the Mytibase collection [62]. More specifically, C-terminal
fibrinogen-like domain has a structure that binds to the carbohydrate residues of foreing and apoptotic
cells. Indeed, some fibrinogen-like domains are included in many lectins [63] and, consequently, are
involved in microorganism recognition by the activation of the lectin pathway, constituting a first line
of immune defense. Although fibrinogen was first associated with haemolymph, the gill together with
the digestive gland were the following tissues with the highest gene expression levels when three
fibrinogen-related proteins were evaluated in the mussel M. galloprovincialis [64]. Down-regulation
of fibrinogen was also observed when haemolymph of the scallop A. irradians was exposed to low
concentrations of OA (50 nM) for short exposure times (48 h), suggesting the potential of this toxin
to inhibit the ability of scallops to recognize and remove non-self particles [65]. Gene expression
levels of Fibrinogen C also decreased when bay scallop gill tissue was exposed to 500 nM of OA
for 48 h [30]. Differences in gene expression of fibrinogen C were also detected in the digestive
gland of the mussel M. galloprovincialis after exposure to domoic acid-producing Pseudo-nitzschia [15].
However, fibrinogen gene expression was significantly up-regulated when the haemolymph of the scallop
A. irradians was challenged with Listonella anguillarum [66] or when the haemolymph of the mussel
Mytilus chilensis was exposed to saxitoxins [58]. It is important to note that, as in the case of big defensins,
proteins that contain this domain present high individual variability. Thus, different mussels usually have
different gene sequences, which demonstrates the extraordinary complexity of the immune system in
these organisms [62].

4. Conclusions

This work represents the first RNA-Seq approach used in the mussel M. galloprovincialis to analyze
tissue-specific mussel transcriptome after early exposure to DSP toxins. It describes the transcriptome
and gene expression profiles of M. galloprovincialis digestive gland and gill, therefore increasing
available genomic resources for this organism.

Furthermore, results showed that DEGs in early response to DSP toxins include genes involved
in defense, immunity and metabolism, sheding some light into the resistance mechanisms that these
organisms have against harmful effects of DSP toxins. In the digestive gland, BD2, KAZAL DC and
NADH5 genes were up-regulated while GIY-YIG DC was down-regulated and DYNA showed no
expression changes. On the other hand, ALOX15B, H_Lectin DC, CPLA2 and FUCA genes were
up-regulated and Fibrinogen_C DC was down-regulated in gill. Nevertheless, many of the genes that
responded to these toxins have been described as DEGs in response to other stimuli, indicating that
the mussel defense reaction is to some extent unspecific, which may be beneficial when faced with
other potentially harmful compounds.

This study also indicated that the expression of rpS4 and TPM genes in the digestive gland
under these experimental conditions is stable and, therefore, these genes can be employed as reference
genes to normalize gene expression in qPCR experiments carried out in mussels exposed to low
concentrations of DSP toxins for short time periods.

5. Materials and Methods

5.1. Sample Collection and Experimental Design

Adult individuals of the mussel M. galloprovincialis (34 ± 0.5 mm anterior-posterior shell length)
were collected from a natural population in the rocky shores of O Rañal beach (43◦19′40.1′′ N,
8◦30′45.1′′ W, A Coruña, NW Spain) in April 2015. This location (used by our research group in
other studies [10]) was chosen as our sampling site based on its low density of DSP toxin-producing
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dinoflagellates [67]. The invertebrate animal experiment was assessed by the Spanish Ministry of
Economy and Competitivity (project AGL2012-30897 approved on 28 December 2012). In the laboratory,
specimens were acclimated for seven days at 17 ◦C with constant aeration in a photoperiod chamber
with a 12 h light-dark cycle and fed twice a day with a 1:1 mixture of two cultures of nontoxic microalga
species, I. galbana (3 × 106 cells/L) and T. suecica (12 × 106 cells/L). After acclimatization, mussels were
randomly divided into two groups (n = 30 per experimental group) (Figure 7): a control group fed only
with the microalga mixture used during acclimation period, and a treatment group additionally fed
with 100,000 cells/L of the DSP toxin-producing alga P. lima. The culture of P. lima (strain AND-A0605)
was obtained from the Quality Control Laboratory of Fishery Resources (Huelva, Spain). The treatment
group was fed, four times a day, with 100,000 cells/L of P. lima during 48 h. These exposure
characteristics were selected based on the results obtained in previous works by our research group
in which these conditions showed the most interesting response at both the cytogenotoxic and the
transcriptional level [10,12]. Cell concentrations of the nontoxic microalga cultures were determined
by means of a Thoma cell counting chamber (Marienfeld, Lauda-Köningshofen, Germany), while that
of the P. lima culture was estimated using the Sedgwich-Refter counting slide (Pyser-Sgi, Edenbridge,
UK) after fixation with Lugol’s solution. After exposure, 12 individuals from each group—control and
treatment—were dissected for digestive gland and gill tissues. These tissues were frozen in liquid
nitrogen and stored at −80 ◦C until their use for RNA extraction, while the remaining individuals
were used to estimate OA—the main DSP toxin—accumulation in the mussels by means of High
Performance Liquid Chromatography/Mass Spectrometry (HPLC/MS). HPLC/MS analyses were
carried out by the chromatography unit at Servizos de Apoio á Investigación (SAI)-University of A
Coruña, following the protocol of the European Union Reference Laboratory for Marine Biotoxins [68].

Figure 7. Experimental design diagram. Mussels from rocky shores were acclimated to laboratory
conditions and subsequently exposed to 100,000 cells/L of P. lima for 48 h. Afterwards, gills and
digestive gland were used for RNA extraction. RNA from 3 individuals was pooled for library
construction and sequencing. MGC: RNA pool obtained from digestive glands of control mussels.
MGT: RNA pool obtained from digestive glands of treated mussels. MBC: RNA pool obtained from
gills of control mussels. MBT: RNA pool obtained from gills of treated mussels.
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5.2. RNA Extraction

Total RNA of digestive gland and gill from six control and six treated mussels was individually
extracted using TRIzol (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions
(Figure 7). Isolated RNA was initially quantified using a NanoDrop 1000 spectrophotometer (Thermo
Scientific, Waltham, MA, USA). With the aim of reducing inter-individual variability, these RNAs were
pooled (in equal quantities) in groups of three to provide a template for Illumina libraries (Figure 7).
Additionally, quantity and integrity of RNA pools were checked using a Qubit 2.0 fluorometer (Life
Technologies, Saint-Aubin, France) and an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA), respectively.

5.3. Library Preparation and Sequencing

cDNA libraries were prepared and sequenced by Sistemas Genómicos (Valencia, Spain).
Eight cDNA libraries were obtained from the digestive gland and the gill of mussels (two from
control mussels and two from mussels exposed to P. lima, for each tissue, Figure 7). Poly(A)+mRNA
fraction was isolated from total RNA and cDNA libraries were constructed following Illumina’s
recommendations. cDNA libraries were sequenced using an Illumina HiSeq 2000 sequencer (Illumina,
San Diego, CA, USA) and a paired-end sequencing strategy (100 × 2 bp). Raw data are accessible from
the NCBI Short Read Archive (SRA accession: SRP158485).

5.4. De Novo Assembly

A preliminary bioinformatic analysis was performed by Sistemas Genómicos (Valencia, Spain).
Initially, short sequence reads were quality checked using FastQC [69] and the TrueSeq adapters
were trimmed using Trim Galore software version 0.3.3 (Babraham Bioinformatics, Cambridge, UK),
keeping those reads with a mean phred score >30. With the aim of obtaining a reference transcriptome,
all generated results were combined in a single data set. Then, low quality reads were re-identified
and removed using PrinSeq-lite software version 0.20.4 [70], while duplicate reads were then removed
using FastX-Toolkit (fastx_collapser option) [71]. Subsequently, de novo transcriptome assembly was
conducted with the software Oases (version 2.0.9) and Trinity (version 2.1.1). Both assemblies were
correlated by combining contigs with sequence similarity (>90% homology) using cd-hit (version 4.6).
Potential ORFs were predicted using TransDecoder (version 2.0) with default settings. Then, each
library was mapped against the reference transcriptome obtained in the previous step using Bowtie2
(version 2.2.6) and high quality reads were selected—high mapping quality with a 1 × 10−4 error
probability—to increase count expression resolution. Finally, expression inference was carried out
using the counts of properly paired reads by transcript.

5.5. Differential Expression, Functional Annotation and Functional Enrichment Analysis of DEGs

The expression of each sample was normalized by library size (initial number of reads) using
the R package DESeq2 version 1.8.2 [72] (R software version 3.2.3 [73]) based on a negative binomial
distribution, with the aim of analyzing differential expression. Those genes with a fold change lower
than −2 or higher than 2, and an adjusted p-value < 0.05 were considered differentially expressed.
Additionally, the method for controlling FDR was used to calculate the adjusted p-values [74].

DEGs were initially annotated using blastx against UniProt database and blastn against the
NCBI nucleotide database, using an E-value threshold of 0.01. Subsequently, sequences annotated
with RNAs were identified, while sequences associated with P. lima were removed from further
analysis. Additionally, DEGs were re-annotated by a blastx analysis (ncbi-blast/2.3.0+)—using an
e-value of 1 × 10−6 as cut-off—performed through the Supercomputing Centre of Galicia (CESGA).
Subsequently, to know the biological processes, molecular functions and cellular components related
to DEGs, annotated sequences were analyzed using GO implemented in Blast2GO software [75,76].
A functional enrichment analysis was performed using the Pfam [77] functional information, with
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the aim of annotating protein domains. Additionally, a subset of annotated DEGs was selected based
on their biological function and their gene expression levels were represented in a heat map using
CIMminer [78].

5.6. Real-Time Quantitative PCR Validation

A subset of annotated DEGs was selected based on their biological function to validate their
gene expression using real-time qPCR. Reference genes for expression quantification were selected
among six potential candidate housekeeping genes, including two primers for 18S ribosomal RNA
(18S) [79], ribosomal protein S4 (rpS4), glyceraldehyde 3-phosphate-dehydrogenase (GAPDH) [40],
elongation factor 1 (EF1) [10] and tropomyosin (TPM). TPM primers were designed as part
of this work from an annotated gene with very stable expression levels. These primers and
the specific primers to amplify the selected DEGs were designed using the Universal Probe
Library software [80] (Roche Diagnostics, Mannheim, Germany). Primer specificities were verified
using agarose gel electrophoresis, showing one single DNA product of the expected length.
Two different algorithms, Normfinder and BestKeeper, were initially used to rank candidate
reference genes according to their stability in the digestive gland and to decide on the optimal
number of reference genes required for accurate normalization. Normfinder was used with
R version 3.0.1 [73] and BestKeeper is an Excel-based tool that uses pairwise correlations [81].
Whenever BestKeeper analysis showed genes with SD values > 1, those genes were excluded
from correlation coefficient calculations. Subsequently, results were checked using RefFinder [82],
a web-based tool that integrates four different algorithms (Normfinder, BesKeeper, GeNorm and Delta Ct).

RNA samples from those individuals previously used for library preparation were used for the
real-time qPCR validation. Four independent biological replicates and two technical replicates were
analyzed together using the sample maximization approach [83]. cDNA was synthesized using 1 μg of
RNA using the First Strand cDNA Synthesis kit according to the manufacturer’s instructions (Roche
Diagnostics, Mannheim, Germany). qPCR amplifications were carried out using the FastStart Essential
DNA Green Master kit (Roche Diagnostics, Mannheim, Germany) following the manufacturer’s
instructions with the following modifications. All reactions were performed in a final volume of 20
μL of master mix containing 6.4 μL H2O, 0.8 μL of each primer (10 μM), 10 μL of the SYBR Green
Mix (Roche Diagnostics, Mannheim, Germany) and 2 μL of each reverse transcribed RNA (cDNA).
Reactions consisted of an initial denaturation step of 10 min at 95 ◦C, followed by an amplification of
the target cDNA for 40 cycles (denaturation at 95 ◦C for 10 s, annealing at 60 ◦C for 10 s, elongation at
72 ◦C for 10 s), melting curve analysis (1 cycle at 95 ◦C for 5 s, 65 ◦C for 60 s and 95 ◦C for 1 s), and
cooling at 40 ◦C for 20 s. Specificity of the qPCR product was analyzed by melting curve analysis.

Efficiency of the reaction for each mRNA was determined using LinRegPCR 2014.x software [84].
Gene relative expression levels were normalized using rpS4 and TPM as reference genes. For data
analyses, Cq values were extracted with the qPCR instrument software LightCycler Software 1.5.0
(Roche Diagnostics, Mannheim, Germany). Cq values were then exported to Excel (Microsoft,
Redmond, WA, USA), and differences in expression were calculated using the Pfaffl method with
two reference genes [85]. Whenever a single individual sample showed a Cq value with an over
five point difference to the mean Cq for the condition, that value was considered an amplification
error, therefore, that sample was removed and analyses were carried out using three biological
replicates instead of four. Normalized relative quantities (NRQ) for each gene were represented in
bar plots (control vs. treatment) using GraphPad Prism version 6 (GraphPad Prism Software Inc.,
La Jolla, CA, USA). For better visualization of results some data were log transformed for graphic
representation. Differences in gene expression between control and treatment samples were determined
by Mann-Whitney non-parametric U test using the SPSS IBM software package version 22 (IBM, Armon,
NY, USA). An additional analysis to confirm the obtained gene expression differences was conducted
in REST 2009 (Qiagen, Hilden, Germany) [86].
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Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/10/10/
417/s1, File S1: Nucleotide sequences—in fasta format—of all differentially expressed genes (DEGs), File S2:
List of DEGs. Each spreadsheet shows DEGs from the comparison of either the same tissue under different
conditions—MBT_vs_MBC_DEGs for gills and MGT_vs_MGC_DEGs for digestive gland—or two tissues under
the same condition—MGT_vs_MBT_DEGs for treated digestive gland and gill. For each DEG, sequence ID,
baseMean, length, Log2 Fold Change (FC), FC, p-value and adjusted p-value are given. Also, Blast_nucleotide,
Blast_UniProt and Pfam columns show the best hit against Nucleotide, UniProt and Pfam databases, respectively,
File S3: List of Pfam families functionally enriched. Each spreadsheet shows DEGs from the comparison of the
same tissue under different conditions—MGT_vs_MGC for digestive gland and MBT_vs_MBC for gill. For each
Pfam category, number of genes, p-value, expression patterns and gene IDs are given.
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Abstract: To reveal the molecular mechanisms triggered by okadaic acid (OA)-exposure in the
detoxification and immune system of bay scallops, we studied differentially-expressed genes (DEGs)
and the transcriptomic profile in bay scallop gill tissue after 48 h exposure to 500 nM of OA using
the Illumina HiSeq 4000 deep-sequencing platform. De novo assembly of paired-end reads yielded
55,876 unigenes, of which 3204 and 2620 genes were found to be significantly up- or down-regulated,
respectively. Gene ontology classification and enrichment analysis of the DEGs detected in bay scallops
exposed to OA revealed four ontologies with particularly high functional enrichment, which were ‘cellular
process’ (cellular component), ‘metabolic process’ (biological process), ‘immune system process’ (biological
process), and ‘catalytic process’ (molecular function). The DEGs revealed that cyclic AMP-responsive
element-binding proteins, acid phosphatase, toll-like receptors, nuclear erythroid 2-related factor, and the
NADPH2 quinone reductase-related gene were upregulated. In contrast, the expression of some genes
related to glutathione S-transferase 1, C-type lectin, complement C1q tumor necrosis factor-related protein,
Superoxide dismutase 2 and fibrinogen C domain-containing protein, decreased. The outcomes of this
study will be a valuable resource for the study of gene expression induced by marine toxins, and will
help understanding of the molecular mechanisms underlying the scallops’ response to OA exposure.

Keywords: harmful algal blooms; okadaic acid; Argopecten irradians; transcriptomic response;
deep sequencing

Key Contribution: The Illumina platform was used for the first time to analyse gene expression
in the gills of bay scallop exposed to OA. Detoxification- and immune-related genes and pathway
enrichment following OA exposure were detected.

1. Introduction

Bivalves are among the most important commercially exploited marine species in China, sharing
75–80% of the total output of aquatic products in recent years [1]. Owing to their filter-feeding and
sessile habits, worldwide distribution, and diversity of aquatic environments, bivalves are widely
used as marine pollution bioindicators [2]. Scallop fisheries are mainly distributed along coastal areas
of Japan, Korea, and North China [3]. In addition to their economic value, bivalves have always
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been studied as model species in toxicological investigation and as sentinel species in environmental
monitoring programmes [4].

The frequent appearance of toxin-producing harmful algal blooms (HABs) in marine environments
is a well-known worldwide problem [5]. HABs are well known for their potential to induce ecological
damage, risk human health, and cause adverse effects to living marine resources [6,7]. Moreover, these
HABs threaten aquaculture industries and may have deleterious effects on public health [8], because
their phycotoxins may cause mass mortality of cultivated animals [9]. Shellfish toxins are the main
marine phycotoxin, which includes amnaesic shellfish poisoning (ASP)-, paralytic shellfish poisoning
(PSP)-, neurotoxic shellfish poisoning (NSP)-, diarrhetic shellfish poisoning (DSP)-, and azaspiracid
shellfish poisoning (AZP) toxins [10]. These toxins may be taken up by humans eating shellfish
contaminated with them, and lead to a series of neurological and gastrointestinal syndromes [6,7].
Okadaic acid (OA), representative of the DSP toxins, can be produced by species of the genera
Dinophysis and Prorocentrum [11,12], and be accumulated in the shellfish adipose tissue [13]. This is
the primary cause of acute DSP intoxication of human consumers, and harvesting bans causing
huge economic losses to the shellfish aquaculture industry [14]. For example, Mouratidou et al. [15]
reported maximum concentrations of 36 μg OA eq/g hepatopancreas in mussels from Thermaikos
Gulf, Greece. OA is capable of binding to the active sites of protein phosphatases [16], inhibiting
their activity and inducing tumorigenic and apoptotic processes [14,17]. Finally, it can lead to
the hyperphosphorylation of many cellular proteins, metabolic deregulation, and genotoxic and
cytotoxic damage [18]. When organisms are exposed to xenobiotics, short-term responses, such as
changes in their immune response, and long-term effects on other biological parameters, including
growth, ingestion and reproduction rates, and other metabolic processes may be observed [19].
Earlier investigations revealed that OA or P. lima exposure could induce haemocyte function damage
and reduced survival in Ruditapes decussatus [20]. Huang et al. [11] reported that OA-producing P. lima
caused oxidative stress, disorganization of cytoskeletons, and metabolic disturbance in mussels.
In a previous work, we studied the toxic effects of OA exposure, up to 48 h, in bay scallops
(Argopecten irradians). These included changes in glutathione (GSH), reactive oxygen species (ROS),
malondialdehyde (MDA), and nitric oxide (NO) contents; lysozyme, acid phosphatase (ACP), lactate
dehydrogenase (LDH), alkaline phosphatase (ALP), and superoxide dismutase (SOD) activity; total
haemocyte counts (THC) and haemolymph total protein levels [8,12]. Overall, our previous work
demonstrated that OA exposure increased oxidative stress, disrupted metabolism, modulated the
immune response, and was toxic to physiological function in A. irradians. There are two resistance
mechanisms that may counteract the effects of DSP in shellfish: detoxification pathways for the
biotransformation or elimination of phycotoxins, and antioxidant metabolism to neutralize ROS
induced by DSP exposure [21–23]. However, how scallops respond to OA toxicity, and the details of
their detoxification process during acute OA exposure remain unclear, particularly the integral response
at the transcriptional level. An understanding of the effects of OA exposure on the bay scallop is
essential to establish effective measures to estimate its toxic potential. However, owing to the constraint
of related genomic resources, a better understanding of the genetic and molecular mechanisms
underlying the bay scallop response to sublethal concentrations of OA is yet to be elucidated.

De novo sequencing is an effective tool to obtain whole scallop transcriptome information. In this
regard, the relatively low-cost/high-output Illumina HiSeq™ 4000 sequencing platform has found
increasingly widespread use [24], having been applied to a growing number of aquatic organisms,
including Oryzias melastigma [25], Crassostrea gigas [26], and Chlamys farreri [27], to study their responses
to environmental stressors. Therefore, the aim of the present study was to obtain a better understanding
of the molecular response of the bay scallop after exposure to OA. We specifically focused on the gill
tissue of A. irradians, following exposure to 500 nM of OA for up to 48 h, since our previous studies
found that this toxin induced oxidative stress, modulated the immune response, and was toxic to
physiological function in A. irradians [8,12]. The gill was chosen as the target organ because it is the first
organ in contact with OA during filtration [21]. Gills act as a defence barrier, because they play a crucial
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role in the filtration of suspended matter. Further, the gill was previously found to be directly affected
by contact with toxic algae [21], and to have a high expression of putative immune-related genes [28].
Digital gene expression (DGE) analysis was performed with the Illumina HiSeq™ 4000 sequencing
system, and then quantitative real-time PCR was conducted to verify differentially expressed genes
(DEGs), which were selected according to the DGE analysis. The aim of the present work was to reveal
the transcript abundance to facilitate a network of bay scallop genes enriched to regulate toxicological
responses to OA exposure.

2. Results

2.1. Analysis of DGE Libraries

Two DGE libraries comprising DNA from the gills of control and OA-exposed scallops were
analysed using the Illumina Hiseq 4000 sequencing system. We removed adaptors from the reads,
poly N, and low-quality reads from the raw data, and then generated 9.14 Gb of totally clean
bases, comprising 45.92 and 45.92 Mb clean reads for control and OA-exposed cDNA libraries,
respectively. The Q20 and GC percentages of the clean reads in the two cDNA libraries were 98.21% and
98.17% and 39.13% and 39.24%, for control and OA-exposed cDNA libraries, respectively (Table S1).
Clean sequences from each library were assembled by the Trinity tool, thereby producing a total of
78,510 and 77,330 transcripts in the control and OA-exposed groups, respectively, which had mean sizes
of 675 with N50s of 1234 for the control group and 733 bp with N50s of 1451 bp for the OA-exposed
groups, respectively (Table S1). Finally, 55 876 unigenes were further merged by transcript sets from
the two libraries (Table 1). The size distribution of the unigenes was as follows: 67.58% (37,759) were
between 300 and 1000 bp; 20.54% (11,477) were between 1000 and 3000 bp; and 6.24% (3488) had
lengths greater than 3000 bp in length, as shown in Figure 1.

Table 1. Quality metrics of unigenes.

Sample Total Number Total Length Mean Length N50 N70 N90 GC(%)

Control 51,465 41,105,722 798 1411 704 302 39.48
OA-treated 49,453 43,129,157 872 1646 803 318 39.63
All-unigene 55,876 53,465,429 956 1840 960 345 39.42

N50: a weighted median statistic within which 50% of the Total Length is contained in unigenes greater than or
equal to this value. GC (%): the percentage of G and C bases in all unigenes.

 

Figure 1. Distribution of all-unigenes in the bay scallop transcriptome.
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2.2. Functional Annotation and Species Distribution

After assembly, functional annotation was carried out through seven functional databases for
unigenes. A total of 49.31% of the total unigenes (27,555 unigenes) were annotated, of which
24,521 unigenes (43.88%) were aligned to the Nr database; 10,466 unigenes (18.73%) to Nt;
19,220 unigenes (34.40%) to Swiss-Prot, 18,523 unigenes (33.15%) to Kyoto Encyclopedia of Genes and
Genomes (KEGG); 8800 (15.75%) unigenes to Clusters of Orthologous Group (COG); 18,533 (33.17%)
unigenes to Interpro; and 4027 unigenes (7.21%) to Gene Ontology (GO), respectively.

The distribution of annotated species was statistically analysed with NR annotation, as shown in
Figure 2. For functional classification, 15 186 unigenes were totally annotated to the COG database
(Figure 3). The most frequently functional classifications were the following: 20.70% (3143) accounted for
general function; 8.52% (1294) related to recombinant and repair; translation, 8.49% (1289); transcription,
6.63% (1007); post-translational-modification-related, 6.26% (950); cell-cycle-control-related, 5.64% (856),
and signal-transduction-related, 5.39% (819).

Figure 2. Annotated species and their distribution.

Figure 3. COG functional classification of All-unigenes.
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2.3. Differential Gene Expression Analysis

The unigene expression levels were calculated using the Fragments Per Kilobase Million (FPKM)
method (Figures 4 and 5) to identify the genes’ differential expression between the control and
OA-treated groups. A total of 5825 unigenes with different expression levels (with over two-fold
changes, and false discovery rate (FDR) ≤ 0.001) between the control and OA-exposed groups were
identified. Of these, 3204 were upregulated genes, while 2621 were downregulated genes (Table S2).

 

Figure 4. Gene transcription profile of the control (CN) and the OA-exposed group (OA) libraries.
Blue points represent downregulated genes. Red points represent upregulated genes. Black points
represent non-differential expression genes.

Figure 5. M (log ratio) and A (mean average) (MA) plot of DEGs of the control (CN) and
the OA-exposed group (OA) libraries. X-axis represent value A (log2 mean expression level).
Y-axis represents value M (log2 transformed fold change). Red points represent upregulated DEG.
Blue points represent downregulated DEG. Black points represent non-DEGs.
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2.4. Enrichment and Pathway Analysis

In order to identify their function, all the DEGs were mapped to the GO database. A total of
44 functional groups in the DEGs were substantially enriched compared with the genomic background
(Figure 6). Genes in the OA-exposed scallop related to the terms ‘metabolic process’, ‘cellular process’,
and ‘catalytic activity’ were dominant. Biological process and cellular components were found to be
the most-represented known genes, followed by molecular function.

Figure 6. GO classification of differentially expressed gene (DEGs). X-axis represent the GO term.

Markedly-enriched signal transduction and metabolic pathways were identified using KEGG
enrichment analysis of the DEGs. A total of 3389 DEGs were aligned at 299 pathways in the KEGG
database, and 74 metabolic pathways were significantly (corrected p value < 0.05) over-represented.
The pathway classification results are shown in Figure 7, and the pathway functional enrichment
results in Figure 8. Among these, the expression patterns of DEGs throughout OA exposure, which
involved detoxification, and immunology in mechanisms against biotoxins were further analyzed
on the bases of GO and KEEG analyses. The expression of genes related to the immunology and
detoxification responses such as cyclic AMP-responsive element-binding proteins, acid phosphatase,
toll-like receptors, nuclear factor erythroid 2-related factor, NADPH2: quinone reductase, cytochrome
P450 3A64 and 3A80 increased under exposure to OA (Table 2). In contrast, the expression of
some genes related to glutathione S-transferase 1, C-type lectin, complement C1q tumor necrosis
factor-related protein, Superoxide dismutase 2 and fibrinogen C domain-containing protein decreased.
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Figure 7. Pathway classification of DEGs. The X-axis shows the number of DEGs. The Y-axis shows
the pathway name.

Table 2. Detoxification and immune-related differentially expressed genes (DEGs) in bay scallop gills
regulated after up to 48 h exposure to 500 nM OA.

Function Transcript Log2 (Fold Change) (RNAseq) Regulation

Immune system

C-type lectin superfamily 17 member A −4.255 Down
C-type lectin domain family 4 member E −3.507 Down

Complement C1q tumor necrosis factor-related protein 2 −4.791 Down
Fibrinogen C domain-containing protein 1 −2.100 Down

Toll-like receptor 4 2.880 Up
Toll-like receptor 13 1.347 Up
Acid phosphatase 2.238 Up
NADPH oxidase 3 2.493 Up

Detoxification

ATP-binding cassette, subfamily C, member 1 1.773 Up
ATP-binding cassette sub-family B member 10 1.165 Up
ATP-binding cassette, sub-family C member 5 1.280 Up

Cyclic AMP-responsive element-binding protein 1.953 Up
Nuclear factor erythroid 2-related factor 2 1.231 Up

NADPH2:quinone reductase 1.677 Up
Cytochrome P450 3A80 1.207 Up
Cytochrome P450 3A64 1.783 Up
Cytochrome P450 1A5 −1.686 Down
Cytochrome P450 3A24 −2.315 Down

Superoxide dismutase Cu-Zn family 1.139 Up
Superoxide dismutase 2 −1.126 Down

Glutathione S-transferase 1 −1.552 Down
Glutathione S-transferase 2 −2.511 Down

Glutathione S-transferase omega −1.775 Down
Glutathione S-transferase theta-1 −1.254 Down

Glutathione S-transferase A −1.218 Down
Glutathione S-transferase kappa −2.356 Down
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Figure 8. Enrichment of DEGs and pathways. The X-axis indicates enrichment factor and the Y-axis
indicates the pathway name. Coloring indicates the q value (high: white, low: blue), the lower q value
indicates the more significant enrichment. The point size indicates the DEG number (more: big, less: small).

2.5. Identification of Genes Related to OA-Induced Stress Response

The real-time quantitative PCR (qPCR) technique was used to detect the relative expression levels
of nine genes, which are immunology-, detoxification- and antioxidant-ability-related genes with
high expression, from the DGE libraries. Four of these genes were suppressed and the others were
induced. The melting-curve analysis of each gene performed by qPCR suggested a single product.
The qPCR results were compared with those from the DGE analysis. As shown in Figure 9, nine genes
followed a concurrent trend between qPCR analysis and DGE library, and the correlation coefficient
was calculated as 0.95 (p value < 0.001).
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Figure 9. Results of the qPCR analysis. The y-axis represents the gene expressed log2 (fold change)
and the x-axis is the gene name. SOD2 = superoxide dismutase 2, Cu/Zn SOD = copper and zinc
superoxide dismutase, GST = glutathione-S-transferase, ACP = acid phosphatase, NOX-3 = NADPH
oxidase 3, HSP70 = heat shock protein 70, CYP3A24 = cytochrome P450 3A24, CREB = cyclic adenosine
monophosphate responsive element binding protein.

3. Discussion

Okadaic acid (OA), as a representative of DSP toxins, can accumulate in bivalves and induce
diarrheic shellfish poisoning in mammals [29]. OA has been reported to be cytotoxic in several cell
lines (human monocytic U-937 cells; two epithelial tumour lines, HeLa and KB; neuroblastoma cell
line Neuro-2a; neuroblastoma × glioma hybrid cell line NG108-15; breast cancer cell line MCF-7)
as an efficient inhibitor of serine/threonine phosphatases [30–32]. Earlier, we reported that OA
exposure could affect a variety of innate immune responses (e.g., THC, total protein level, ALP, ACP,
and lysozyme activities,) and physiological responses (e.g., SOD and LDH activity, ROS, NO and
MDA and GSH content) in the haemolymph of scallops, and can even induce oxidative stress and
disrupt metabolism in bay scallops [8,12], rendering them sensitive to OA exposure. Previous studies
have demonstrated the adverse impacts of the toxin OA on other marine bivalves [11,20]; however,
the molecular response of these bivalves to OA is not well characterized. In the light of our earlier
studies, the results of this transcriptome information could improve the description of the acute
toxicity of high concentrations of OA for some physiological and biochemical processes and provide
directions and insights for future studies involving biotoxicity models in scallops. Moreover, in the
present study, the calculation and normalization methods of both analyses are different, although
they report transcript abundances as fold-changes relative to the control [1]. The RNA-seq expression
values employ Reads Per Kilobase Million (RPKM) for calculation [33], while qPCR fold-change values
employ the mean normalized expressions method and incorporated reference gene to calculate [34].
In the present investigation, both methods were used for transcript quantification. The same directions
of change and a similar magnitude of the fold-change in abundance confirmed the accuracy and
reliability of the DGE data. To our knowledge, the present investigation is the first to reveal the
transcriptomic responses of scallops after OA exposure using deep-sequencing technology.
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Highly conserved heat shock proteins (HSPs), including HSP60, HSP70, and HSP90, could be
synthesized or secreted rapidly by cells as soon as they experience stressed [3]. Therefore, HSPs have
been widely considered as effective biomarkers of exogenous stimuli or as biomonitoring tools to
identify the effects of environmental pollution in aquatic animals, including bivalves [3]. Our present
investigation showed that the relative expression of HSP70, which was validated by qPCR, was strongly
increased in the gills of bay scallop up to 48 h exposure to OA. Similarly, a previous study revealed
that upregulated HSP70 expressed transcripts were identified in the mussel Mytilus galloprovincialis
after exposure to OA stress [14]. In other investigations, the detection of HSP70 by immunoblotting
and expression analysis of HSP70 mRNA was used to indicate marine contamination observed
following exposure to heavy metals in Dreissena polymorpha [35], to hydrocarbon in Crassostrea gigas [36],
to sub-lethal concentrations of quaternium-15 in M. galloprovincialis [37], and to cadmium in the gills of
Ostrea edulis [38]. Therefore, in the present investigation, the upregulation of HSP70 mRNA in the gills
of bay scallops also appears to be a helpful marker for toxic effects.

The genes encoding detoxification enzymes play crucial roles in bivalves after being stimulated
by a variety of exogenous stimuli, including drugs, toxicants, and chemical carcinogens [3].
Among the DEGs detected in the present study, certain detoxification-related genes were identified.
The cytochrome P450 (CYP450) family is an essential family of enzymes related to the primary or
phase I metabolism of xenobiotics, including pesticides and toxins [3,39]. Many exogenous stimuli
may impact the metabolism, and then activate or suppress the activity of CYP450 to clean exogenous
stimuli [11]. A subset of cytochrome P450 enzymes, which are linked to detoxification and resistance,
were involved in transforming liposoluble toxic chemicals into hydrosoluble substances that are
easily eliminated [11,40]. Our results clearly showed that OA provoked the differential expression of
CYP1A5 and CYP3A24, which were downregulated, whereas CYP3A4 and CYP3A80 were upregulated.
This is consistent with a previous study that reported OA-exposure-induced expression of CYP450
mussel gills, which suggests that CYP450 participates in the process of OA elimination [3]. Guo et al.
also [41] reported that human recombinant cytochrome CYP3A4 could eliminate OA by generating
oxidized products. Accordingly, CYP3A4 and CYP3A80 may participate in the process of accelerating
the biotransformation of OA and facilitating its excretion in bay scallops when exposed to OA.
ATP-binding cassette (ABC) transporters are a family of transmembrane proteins that can transport
a variety of strGSTucturally diverse substrates across biological membranes in an ATP-dependent
manner [11]. In mammalian tumor cells, they are responsible for a multidrug resistance phenotype.
Moreover, in aquatic organisms, they are responsible for a multixenobiotic resistance phenotype by
exporting xenobiotics out of the cells or by facilitating the sequestration of toxins within specialized
cells or organelles, effectively segregating them away from vulnerable protein and DNA targets [11].
In our present study, we found that ABCB10, ABCC5, and ABCC1 were upregulated in bay scallops
after 500 nM OA exposure. These results are consistent with a previous study showing that ABC
transporters in mussels were upregulated after exposure to P. lima. Huang et al [42] also found
that the expression level of a P-glycoprotein gene (P-gp), belonging to the family of ATP-binding
cassette (ABC) transporters in the gills of Perna viridis, increased significantly after exposure to P. lima.
These phenomena suggest the possible role of ABC transporters in OA detoxification.

Nicotinamide adenine dinucleotide phosphate-oxidases (NADPH-oxidases) are enzymes completely
devoted to ROS production [43]. The family of NADPH-oxidases comprises trans-membrane proteins
that transfer electrons across biological membranes. Owing to their involvement in ROS production,
NADPH-oxidases play crucial roles in various physiological mechanisms which include host defence, gene
expression, cellular signalling, apoptosis, and oxidative stress [44]. The NADPH oxidase is composed of
six homologues of the cytochrome subunit (NOX1, NOX3, NOX4, NOX5, DUOX1, and DUOX2),
and increased NOX activity also induces a series of pathologies [44]. Cai et al. [1] found that
benzo[a]pyrene (BaP) exposure caused the upregulation of NADPH transcript in Chlamys farreri
after three days. The findings of the present study indicated a greater abundance of NOX-3 transcripts
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in the gills of scallops exposed to OA, suggesting that it induces the activation of the NADPH oxidases,
thereby generating more ROS and even cell damage.

The detoxification and biotransformation of exogenous compounds also rests on Phase II and
Phase III reactions [1]. Glutathione-S-transferase (GST), which is a kind of Phase II enzyme, could
catalyse the endogenous and exogenous compounds combining with glutathione (GSH) [1,45].
Our previous field studies have shown that GSH levels in the haemolymph of A. irradians exposed to
500 nM OA decreased sharply at 48 hpe [12]. Consistently, in the present study, the expression of GST
mRNAs, including GST1, GST2, GST-A, GST-Theta-1, GST-Omeaga, and GST-Kappa, in the DGE library
decreased in the gills of A. irradians exposed to OA compared to the control group. This is consistent
with previous studies showing that the expression of GST-pi was significantly down-regulated in the
digestive gland of M. galloprovincialis in response to toxic dinoflagellate Prorocentrum lima (1000 cells/L)
for 48 h [46]. These results suggest that the expression level of GST was attenuated by 500 nM OA
exposure, which weakened the detoxification or antioxidant capacity of the OA-exposed scallops.
SOD is a crucial gene belonging to the antioxidant defence system. It can eliminate the ROS, which can
induce lipid peroxidation processes and ultimately lead to DNA damage [47]. We previously reported
that Mn SOD expression levels in the haemolymph of OA-exposed bay scallops decreased significantly
after 48 hours post-exposure [8]. These observations are in agreement with the results of the present
study, verified by qPCR, showing that the SOD2 expression levels in gills were downregulated after
48 h exposure to OA. However, we found that the expression of the Cu/Zn SOD mRNA was clearly
induced, indicating that OA exposure could induce the expression level of Cu/Zn SOD in the gills
when the scallops are exposed to up to 48 h 500 nM levels of OA. Additionally, it might be plausible
that the downregulation of GST is partially compensated by the upregulation of Cu/Zn SOD, since
both enzymes use the same substrate [46,48,49].

Cyclic adenosine monophosphate responsive element binding-protein (CREB) plays a pivotal role
in the immune response. OA stimulation was found to enhance the levels of phosphorylated-CREB [50].
The expression of these genes is essentially regulated by the phosphorylation state of CREB, since
phosphorylation is necessary for CREB to bind to the cAMP response element in the promoter of
several early response genes [50]. This result is in accordance with a previous study showing that OA
was able to induce CREB expression in mussels [50]. Acid phosphatase (ACP) is a kind of essential
hydrolytic enzyme in phagocytic lysosomes [51]. In the present research, we found that the ACP mRNA
expression increased in the gills of OA-exposed bay scallops. Nevertheless, in an earlier investigation,
we demonstrated that OA exposure suppressed the ACP levels in the haemolymph of bay scallops,
indicating that although OA could induce ACP expression, it might also affect the assembly, folding,
or modification of the ACP, leading to a deficiency in the elimination of pathogens or phagocytized
microorganisms in the OA-exposed gills.

In conclusion, we present here broader research into the OA-responsive genes, such as the
Toll-like receptor, ATP-binding cassette, cyclic AMP-responsive element-binding protein, cytochrome
P450 and Cu-Zn superoxide dismutase related genes, that show differential expression in the bay
scallop, suggesting participation in the resistance to OA toxicity. These genes are related to a series of
detoxification and immune processes in the response to OA. The present investigation not only reveals
the transcriptional complexity of the response to OA stimulation in scallops, but also suggests the
possibility of identifying the genes implicated in regulating the bivalves’ tolerance or the elimination of
algal toxin stress. However, it remains unclear whether these immune responses are directly stimulated
by abiotic factors or whether OA exposure just facilitates the opportunistic attack of pathogens present
in the scallops’ microbiota [14]. Illumina next-generation sequencing technology provides a good
resource to explain the immune- and detoxification-associated molecular mechanisms triggered in the
bay scallop to endure the toxic effects of OA. Furthermore, it supplements and reinforces the results
from our previous investigations, from which a strong cause and effect relationship between OA and
the differential expression of immune- and detoxification-associated factors in the bay scallop were
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established. These results will be useful to develop potential countermeasures to manage the toxic
effects of OA on exploited bivalve resources.

4. Materials and Methods

4.1. Maintenance of Scallops

Bay scallops A. irradians (weight: 46.02 ± 2.67 g; shell length: 60–70 mm) were procured in a
wholesale market in Seoul, South Korea. To acclimate them to laboratory conditions, these scallops
were kept for 2 weeks in 800-L tanks containing filtered and aerated seawater, with a temperature
of 10 ± 1 ◦C and a salinity of 30 ± 0.1 psu [8]. They were fed with a commercial shellfish diet
(Instant Algae®Shellfish Diet, Campbell, CA, USA) at a rate of approximately 1.2 × 1010 algae
cells/scallop/day [8]. Half the seawater volume was daily renewed.

4.2. Okadaic Acid Exposure and RNA Extraction

In total, 120 scallops were divided in two groups, i.e., control and OA-exposure groups.
Each group consisted of 60 scallops distributed in 3 replicate tanks with 20 scallops each. Okadaic acid
(OA) (92–100% HPLC purified) was purchased from Sigma-Aldrich, USA and stored at 4 ◦C until
use. To prepare the stock solution, OA was dissolved in 1 mL of dimethyl sulfoxide (DMSO;
Sigma-Aldrich, St. Louis, MO, USA). The final concentration of OA in the OA-treated group was kept
at 500 nM [8]. The scallops in the control group were treated with an equal volume of DMSO, with a
final concentration of 0.0125‱DDMSO in each tank [8]. After 48 h of OA exposure, six scallops were
collected from each tank (i.e., 6 scallops × 3 replicates = 18 scallops per group) and maintained on ice.
Scallop gills were dissected, stored in 1 mL TRIzol reagent (Invitrogen, Waltham, MA, USA), and frozen
at −80 ◦C until use. Samples from 6 scallops were pooled for each replicate for RNA extraction [14].
Total RNA was extracted using TRIzol (Invitrogen, Waltham, MA, USA) following the manufacturer’s
instruction. Agarose gels (1%) electrophoresis was preformed to monitor the RNA contamination
and degradation [52]. The RNA purity and contamination was checked with a NanoPhotometer®

spectrophotometer (IMPLEN, Westlake Village, CA, USA) and a Qubit® RNA Assay Kit and a Qubit®

2.0 Flurometer (Life Technologies, Carlsbad, CA, USA) respectively [52]. RNA integrity was measured
using the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent Technologies,
Santa Clara, CA, USA) [52].

4.3. Library Preparation and Illumina Sequencing

After treating the total RNA extract sample with DNase I, 200 ng were purified with oligo-dT
beads. In brief, total RNA and RNA Purification Beads (Illumina, San Diego, CA, USA) were incubated
and resuspended in Elution Buffer (Illumina, San Diego, CA, USA). The mRNA was eluted from the
beads, and then incubated to rebind the beads after adding Bead Binding Buffer (Illumina, San Diego,
CA, USA). Finally, Fragment Buffer was used to fragment poly (A)-containing mRNA into small pieces.
The mRNA fragments were used as templates during the cDNA synthesis. First-strand cDNA was
synthesized by reverse transcription using First Strand Master Mix (Illumina, San Diego, CA, USA)
and Super Script II (Invitrogen, Waltham, MA, USA). The conditions for the reverse transcription
reaction were: 25 ◦C for 10 min; 42 ◦C for 50 min and 70 ◦C for 15 min. Next, the second-strand
cDNA was synthesized at 16 ◦C for 1 h using Second Strand Master Mix (Illumina, San Diego, CA,
USA). Then, the ds cDNA was separated from the second strand using AMPure XP beads (Agencourt,
Beverly, MA, USA). The remaining overhangs were converted into blunt ends using an End Repair Mix.
Next, after adding the A-Tailing Mix, the mixture was incubated at 37 ◦C for 30 min. The Adenylate
3′Ends DNA, RNA Index Adapter and Ligation Mix were combined and the ligate reaction incubated
at 30 ◦C for 10 min to perform the A ligation reaction. AMPure XP Beads were used to purify the
end-repaired DNA. In order to enrich the cDNA fragments, several rounds of PCR amplification were
performed by adding PCR Primer Cocktail and PCR Master Mix. The AMPure XP Beads were used to
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purify the library fragments to select cDNA fragments of 260 bp in length. The final library quantified
(qPCR) by loading 1 μL of resuspended construct on an Agilent Technologies 2100 Bioanalyzer using a
DNA-specific chip (Agilent DNA 1000). For cluster generation, the qualified and quantified libraries
were first amplified within the flow cell on the cBot instrument (HiSeq® 4000 PE Cluster Kit, Illumina,
San Diego, CA, USA).

For paired-end sequencing, the clustered flow cell was then loaded onto the HiSeq 4000 Sequencer
(HiSeq® 4000 SBS Kit, Illumina, San Diego, CA, USA) with 100 bp which was the recommended read
length. The library preparation and Illumina sequencing were performed by the Beijing Genomics
Institute (BGI) (Hong Kong, China).

4.4. De Novo Transcriptome Assembly

In order to remove adaptors from the reads, low-quality reads, and reads in which unknown bases
(N) comprised more than 5% of the read, raw Illumina paired-end reads were filtered using the SOAPnuke
software (version: v.1.5.6, Beijing Genomics Institute, Shenzhen, China, https://github.com/BGI-flexlab/
SOAPnuke,). Post-filtered reads were stored in the FASTQ format [53]. To obtain unigenes, clean reads
were assembled using the Trinity software (version: v2.0.6, Trinity Software, Arlington, TX, USA) [54].
The resulting sequences assembled using Trinity were referred to as transcripts. Gene family clustering was
then carried out using TGICL (TIGR Gene Indices clustering tools) to obtain the final unigenes, which were
classified to two categories: clusters and singletons. The former were labeled by the prefix ‘CL’, followed
by the cluster ID. The latter were indicated by the prefix ‘unigene’.

4.5. Gene Annotation and Analysis

Identification and functional annotation of all unigene sequences were carried out in seven
functional databases (e-value < 10−5): Nr, Nt, GO, COG, KEGG, Swiss-Prot, and Interpro databases.
Blast (version: v2.2.23, NCBI, Bethesda, MD, USA, http://blast.ncbi.nlm.nih.gov/Blast.cgi) [55] was used
to align the unigenes to NT, NR, COG, KEGG, and SwissProt to obtain annotations. Blast2GO (version:
v2.5.0, BioBam, Valencia, Spain, https://www.blast2go.com) [56] used NR annotations to obtain GO
annotations, and InterProScan5 (version: v5.11-51.0, EMBL-EBI, Hinxton, UK, https://code.google.com/
p/interproscan/wiki/Introduction) to obtain InterPro annotations.

4.6. Differential Expression Analysis

Bowtie v2.2.5 was devoted to map the high-quality reads to the reference unigene sequences [57],
and then calculate the gene expression levels, which were determined using RSEM (version: v1.2.12,
http://deweylab.biostat.wisc.edu/RSEM) [58]. DEGs were detected based on a Poisson distribution
using PossionDis, as described by Audic and Claverie [59]. The unigene expression level was calculated
following the fragments per kilobase million (FPKM) formula. A false discovery rate (FDR) of 0.001 and
a two-fold change were selected as the thresholds for significantly differential expression.

4.7. GO and KEGG Enrichment Analysis of Differentially Expressed Genes

DEGs were classified according to the official classification on the basis of the GO annotation
results. Pathway functional enrichment was also carried out by the R-function phyper. The p value
calculating formula in the hypergeometric test was as Equation (1):

P = 1 −
m−1

∑
i=0

(
M
i

)(
N − M
n − i

)
(

N
n

) (1)

304



Toxins 2018, 10, 308

FDR was calculated for each p value, and in general, the terms for which FDR did not exceed
0.001 were defined as significantly enriched.

4.8. Quantitative Real-Time PCR Validation

The expression of nine genes, which were singled out for the validation of the DGE data,
was performed by qPCR. β-actin was used as a house-keeping gene [8]. cDNA synthesis was performed
with 500 ng of DNase-treated RNA by using a PrimeScriptTM RT Reagent Kit (TaKaRa Bio, Kyoto,
Japan). All qPCR reactions were carried out using SYBR Premix Ex TaqTM Perfect Real-Time Kits
(TaKaRa Bio, Japan) with a QiagenRotor-Gene Q RT-PCR Detection System (Qiagen, Hilden, Germany).
PCR primers, listed in Table S3, were designed using the Primer 5 software (version: v.5, PREMIER
Biosoft, Palo Alto, CA, USA) based on transcriptome sequences. The reaction mixture consisted of
1 μL cDNA (50 ng), 1 μL of the forward and reverse primers (10 μM), and 6.25 μL of SYBR Premix Ex
TaqTM. To ensure that the final volume of the reaction mixture was 12 μL, ultra-pure water was added.
The following reaction conditions were maintained for extension: 94 ◦C for 2 min, followed by 40 cycles
of 94 ◦C for 20 s, 58 ◦C for 30 s, and 72 ◦C for 40 s [8]. In order to eliminate the possibility of primer
dimer formation or non-specific amplifications, a melting curve analysis was carried out after the
amplification phase [8]. A standard curve was constructed from serial dilutions of the cDNA sample
and drawn by plotting the natural log of the threshold cycle (Ct) against the number of molecules [8].
Standard curves for each gene were prepared in duplicate and triplicate to obtain a reliable measure of
the amplification efficiency [8]. The amplification efficiencies were between 90% and 110%, and the
correlation coefficients (R2) of all standard curves were >0.99. The relative expression ratios of the
target genes were calculated using the method described by M.W. Pfaffl [60]. In all cases, PCR was
carried out in triplicate. Statistical analysis was carried out using the statistical software SPSS 19.0
(version: 19.0, IBM Corp., Armonk, NY, USA, 2017). The differences were determined using the LSD
test, with p-values < 0.05 indicating statistical significance. Values were expressed as the arithmetic
mean ± standard deviation (SD).

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/10/8/308/s1,
Table S1: Summary of sequencing reads after filtering, and quality metrics of transcripts, Table S2: The differential
expression unigenes (with higher than two-fold changes, and FDR≤ 0.001) between the control and the OA-treated
groups. Table S3: All primers used in the validation analysis, The accession number for our raw dataset in the
GEO database is: GSE116508.
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Abstract: In recent years, detection of trace amounts of dissolved lipophilic phycotoxins in coastal
waters has been possible using solid phase adsorption toxin tracking (SPATT) samplers. To explore
the contribution of dissolved diarrhetic shellfish toxins (DST) to the accumulation of toxins by
cultivated bivalves, mussels (Mytilus galloprovincialis) were exposed to different concentrations of
purified okadaic acid (OA) and dinophysistoxin-1 (DTX1) in filtered (0.45 μm) seawater for 96 h.
Accumulation and esterification of DST by mussels under different experimental conditions, including
with and without the addition of the food microalga Isochrysis galbana, and with the addition of
different size-fractions of suspended particulate matter (SPM) (<75 μm, 75–150 μm, 150–250 μm)
were compared. Results showed that mussels accumulated similar amounts of OA and DTX1 from
seawater with or without food microalgae present, and slightly lower amounts when SPM particles
were added. Mussels preferentially accumulated OA over DTX1 in all treatments. The efficiency
of the mussel’s accumulation of OA and DTX1 from seawater spiked with low concentrations of
toxins was higher than that in seawater with high toxin levels. A large proportion of OA (86–94%)
and DTX1 (65–82%) was esterified to DTX3 by mussels in all treatments. The proportion of I.
galbana cells cleared by mussels was markedly inhibited by dissolved OA and DTX1 (OA 9.2 μg L−1,
DTX1 13.2 μg L−1) in seawater. Distribution of total OA and DTX1 accumulated in the mussel tissues
ranked in all treatments as follows: digestive gland > gills > mantle > residual tissues. However,
the percentage of total DST in the digestive gland of mussels in filtered seawater (67%) was higher
than with the addition of SPM particles (75–150 μm) (51%), whereas the gills showed the opposite
trend in filtered seawater with (27%) and without (14.4%) SPM particles. Results presented here
will improve our understanding of the mechanisms of DST accumulation by bivalves in marine
aquaculture environments.

Keywords: diarrhetic shellfish toxins (DST); Mytilus galloprovincialis; DST accumulation;
DST esterification; suspended particulate matter (SPM)

Key Contribution: Our results confirmed that mussels could directly accumulate dissolved
diarrhetic shellfish toxins (OA; DTX1) from seawater and rapidly transform them to esterified
forms. Addition of suspended particulate matter did not increase but slightly hindered the mussels’
toxin accumulation efficiency.

Toxins 2018, 10, 273; doi:10.3390/toxins10070273 www.mdpi.com/journal/toxins309
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1. Introduction

Okadaic acid (OA), dinophysistoxin-1 (DTX1) and -2 (DTX2) (Figure 1) are produced by
some benthic dinoflagellates of the genus Prorocentrum, such as P. lima [1], P. concavum [2],
P. hoffmannianum [3], P. rhathymum [4] and P. foraminosum [5], and by planktonic dinoflagellates
of the genus Dinophysis, including D. acuminata, D. acuta, D. caudata, D. fortii, D. miles, D. norvegica,
D. ovum, D. sacculus and D. tripos [6]. These phycotoxins are called diarrhetic shellfish toxins (DST)
because when transferred to consumers through common seafood vectors, including mussels, clams,
scallops and oysters [7,8], they cause severe diarrhea due to strong inhibition of serine/threonine
protein phosphatase activity leading to severe mucosal damage of the intestinal tract [9]. Diarrhetic
shellfish poisoning (DSP) events are a world-wide phenomenon [10–15]. The first confirmed cases
of DSP in China occurred in 2011 when more than 200 residents became ill after consuming mussels
(Mytilus galloprovincialis) harvested from coastal waters of the East China Sea [11]. DSP has been
recognized as one of the five most common illnesses caused by harmful algal bloom toxins, which also
include ciguatera fish poisoning, paralytic shellfish poisoning, neurotoxic shellfish poisoning and
amnesic shellfish poisoning [16].

OR4

DST R1 R2 R3 R4 Molecular Weight

OA CH3 H H H 804.5
DTX1 CH3 CH3 H H 818.5
DTX2 H H CH3 H 804.5
DTX3 H or CH3 H or CH3 H or CH3 Acyl 1014~1082

Figure 1. Chemical structure of okadaic acid (OA) and its derivatives. DST: diarrhetic shellfish toxins.

The free forms of DST (OA, DTX1 and DTX2) produced by microalgae can be esterified in
many bivalve species with different fatty acids through the –OH group at the C-7 site [11,17,18].
These 7-O-acyl-OA/DTX1 esters, known as dinophysistoxin-3 (DTX3) (Figure 1), with various
molecular weight and fatty acid chain-lengths ranging from 12 to 22 carbons, were stored mainly in
the digestive gland of scallops in a previous study [19]. Diverse DTX3 components also play important
roles in the intoxication of human consumers [20,21] because they can be hydrolyzed by lipases
and other enzymes to release toxins into the gastrointestinal tract [22–24]. Some other diol-esters are
biosynthesized by esterification of the C-1 acid group with 4-10-carbon side chains in the dinoflagellates
P. lima and D. acuta [25]. Alkaline hydrolysis is usually used to release free toxin forms from DTX3 in
order to accurately quantify the potential DST levels in seafood products. Currently, a regulatory limit
of 160 μg OA eq. kg−1 for OA and its analogues in shellfish meat is implemented by the European
Union, but a more rigid control, 45 μg OA eq. kg−1, is recommended by the European Food Safety
Authority [26].

A great deal of effort has been devoted to forecasting toxic blooms caused by DST-producing
microalgae and protecting human health. Many countries with a well-developed shellfish industry
have implemented regular monitoring programs, including monitoring density of microalgae in
seawater and toxin contamination of shellfish tissues, as well as detection of toxins in seawater using
solid phase adsorption toxin tracking (SPATT) or solid phase extraction (SPE) methods. The SPATT
technology was first adopted by MacKenzie et al. [27] to monitor dissolved lipophilic toxins in seawater
and is considered an effective complementary tool for monitoring and studying algal toxin dynamics
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in the field and in laboratory experiments [28–30]. In addition, SPATT resins have shown many
advantages in the sample preparation process [31]. Nevertheless, some SPATT-based monitoring results
have not supported its value as an early warning tool for shellfish contamination with DST [32,33].
In recent years, solid phase extraction (SPE) cartridges have been used to sample dissolved lipophilic
toxins in seawater. The adsorbed toxins were analyzed with highly sensitive detection technologies
such as liquid chromatography-tandem mass spectrometry (LC-MS/MS), and trace amounts of DST
were detected in most samples from coastal waters of Qingdao, China, since October 2012 [34,35].
This dissolved DST fraction may contribute to the accumulation of these toxins by the bivalves exposed
to them.

In the present study, accumulation of dissolved DST by mussels was simulated in the laboratory
and the effect of suspended particulate matter (SPM) on toxin accumulation was explored. In addition,
biotransformation processes and the distribution of DST in various mussel tissues were also examined.

2. Results

2.1. Accumulation of Dissolved OA and DTX1 from Seawater by Mussels

Accumulation of dissolved OA and DTX1 by mussels was observed in all treatments.
Concentrations of free and ester forms of the toxins are shown in Figure 2. Trace amounts of OA
(~7–8 μg kg−1) and DTX1 (~6 μg kg−1) were detected in the whole soft tissue of mussels exposed to low
toxin levels, and about three times more in mussels exposed to the high levels. Different accumulation
efficiencies of OA and DTX1 occurred in mussels exposed to various toxin concentrations (Table 1).
Similar proportions of esterified toxins were estimated for OA or DTX1 accumulated by mussels
exposed to different toxin concentrations, although some slight discrepancies were noted (Table 2).

Table 1. Percentage (%) of esterified OA and DTX1 in mussels subject to different treatments.

Treatments
OA (μg L−1) DTX1 (μg L−1) OA:DTX1

0.92 9.2 1.32 13.2 Low Toxin Level High Toxin Level

Control 53 15 9.1 2.7 5.82 5.56
Isochrysis galbana 50 15 9.2 2.9 5.43 5.17

SPM < 75 μm 36 8.8 6.1 2.4 5.90 3.67
SPM 75–150 μm 38 9.1 5.8 2.4 6.55 3.79
SPM 150–250 μm 29 7.4 4.6 2.0 6.30 3.70

Control: filtered seawater with no microalgae or suspended particulate matter (SPM) added.

Table 2. Proportions (%) of OA and DTX1 esterified by mussels under different treatments.

Treatments
OA (μg L−1) DTX1 (μg L−1)

0.92 9.2 1.32 13.2

Control 93 93 80 81
Isochrysis galbana 93 94 81 82

SPM < 75 μm 91 88 72 78
SPM 75–150 μm 90 86 72 75
SPM 150–250 μm 90 89 65 80

Control: filtered seawater with no microalgae or suspended particulate matter (SPM) added.

311



Toxins 2018, 10, 273

 

Control <75 m 75~150 m 150~250 m

4

8

30

60

90

120

150 A (OA-0.92 μg L-1)

I. galbana

 free forms
 ester forms

 

C
on

ce
nt

ra
tio

ns
 o

f O
A 

(μ
g 

kg
-1
)

Treatment
Control <75 m 75~150 m 150~250 m

5

10

15

20

25

140

210

280

350

I. galbana

 free forms
 ester forms

C
on

ce
nt

ra
tio

ns
 o

f O
A

 (μ
g 

kg
-1
)

Treatment

B (OA-9.2 μg L-1)

Control <75 m 75~150 m 150~250 m

6

12

18

24

30

I. galbana 

 free forms
 ester forms

C
on

ce
nt

ra
tio

ns
 o

f D
TX

1 
( 

g 
kg

-1
)

Treatment

C (DTX1-1.32  g L-1)

Control <75 m 75~150 m 150~250 m

8

16

24

45

60

75

90 D (DTX1-13.2 μg L-1)

I. galbana 

 free forms
 ester forms

C
on

ce
nt

ra
tio

ns
 o

f D
TX

1 
(μ

g 
kg

-1
)

Treatment

Figure 2. Concentrations of OA (A,B) and DTX1 (C,D) accumulated by mussels from seawater for
treatments spiked with low (A,C) and high (B,D) toxin concentrations. Control: No microalgae
or suspended particulate matter (SPM) added; either I. galbana or one of three different particle
size-fractions of SPM (<75 μm, 75–150 μm, and 150–250 μm) were added for the treatments; red symbols
indicate mean values of duplicate treatments.

2.2. Effect of OA and DTX1 on the Feeding Ability of Mussels

Although mussels were able to accumulate dissolved OA and DTX1, the toxins negatively affected
their ability to feed on the microalga, Isochrysis galbana. The proportions of microalgae cleared by
mussels subject to different treatments are shown in Figure 3.
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Figure 3. Percentage of microalgae cleared by mussels subject to different concentrations of dissolved
toxins. Control: no toxins added; low toxin concentrations: 0.92 μg L−1 OA and 1.32 μg L−1 DTX1;
high toxin concentrations: 9.2 μg L−1 OA and 13.2 μg L−1 DTX1.
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2.3. Tissue Distribution of Toxins Accumulated by Mussels

Tissue distribution of OA and DTX1 accumulated by mussels with or without the addition of
SPM particles were compared. Concentrations of OA and DTX1 in mantle, gills, digestive gland and
residual tissues are shown in Figure 4. Relative percentages of total toxin amount distributed in the
different tissues are indicated in Figure 5.
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Figure 4. Distribution of OA and DTX1 toxins in different tissues of mussels exposed to high
concentration of dissolved toxins (OA-9.2 μg L−1 (A) and DTX1-13.2 μg L−1 (B)) in the presence
and absence of SPM particles (75–150 μm).

67%

14.4%
2.5% 16.1%

 residual tissues 
 mantle
 gills
 digestive gland

Control group

51%

27%

2.7% 19.3%

suspended particulate matter

Figure 5. Percentage of toxins accumulated in different mussel tissues in the absence or presence of
suspended particulate matter particles.
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3. Discussion

Mean residual levels of OA ranged from 2.71 to 14.06 ng L−1 in seawater samples collected from
Jiaozhou Bay, China, in July, August, and September 2014, but no DTX1 was detected [35]. Residual OA
concentrations ranged between 1.41 and 89.52 ng L−1 in Qingdao coastal waters from October 2012
to September 2013 [34]. Trace amounts of OA were detected in coastal areas every month, except for
elevated levels observed in August (the highest concentration = 89.52 ng L−1) [34], indicating that OA
degradation in seawater can occur slowly. Importantly, no blooms of Dinophysis or Prorocentrum were
reported in Qingdao coastal waters during the entire year when seawater samples were collected and
analyzed [34]. We hypothesize that the dissolved OA concentrations during blooms of DST-producing
microalgae are higher than the residual levels reported previously [34,35]. In order to assess the
contribution of dissolved DST to their accumulation by cultured bivalves, OA and DTX1 (molar ratio
OA/DTX1 ≈ 0.71) from P. lima cultures were spiked into filtered (0.45 μm membrane) seawater for
exposure experiments in this study. No DTX2 or DTX3 were detected in the strain of P. lima used
here. The DST concentration used in our experiments was higher than the residual levels found
in natural seawater to ensure detection of toxins accumulated by mussels after 4 days of exposure.
Low levels of OA and DTX1 were set at 0.92 and 1.32 μg L−1, respectively, and the high levels 10-fold
more. The detection of OA and DTX1 confirmed that mussels (M. galloprovincialis) can accumulate
dissolved OA and DTX1 from seawater under all treatment conditions. A previous study showed that
blue mussels (M. edulis) accumulated dissolved azaspiracids (AZA) to reach concentrations above the
regulatory limit [36].

To our knowledge, this is the first report confirming that bivalves are able to accumulate dissolved
DST from seawater. The addition of microalgae (I. galbana) did not improve the accumulation of
dissolved DST by mussels, and SPM particles, especially the 150–250 μm size fraction, somewhat
inhibited the OA and DTX1 accumulation efficiency (Table 1). According to a previous study,
the clearance and ingestion rates of scallops (Chlamys farreri) and clams (Ruditapes philippinarum)
increased when the SPM particle concentration increased from 20 mg L−1 to 50 mg L−1, and in
mussels (M. galloprovincialis) when the concentration increased from 20 mg L−1 to 100 mg L−1 [37].
The concentration of SPM particles used here (30 mg L−1) did not inhibit the clearance or ingestion rates
by mussels. The lack of obvious positive effects associated with feeding on I. galbana demonstrated
that the energy provided by non-toxic prey did not lead to improved DST accumulation nor did the
microalgal cells enhance toxin accumulation via adsorptive mechanisms. In a previous study, the total
amount of AZA accumulated by mussels was also virtually identical in dissolved AZA treatments
with or without the addition of the non-toxic I. affinis galbana [36]. The accumulation efficiency ratios
of OA to DTX1 by mussels ranged from 5.43 to 6.55 and from 3.67 to 5.56 in seawater spiked with low
and high toxin levels, respectively (Table 1), which demonstrated that although only one methyl group
distinguishes OA from DTX1, dissolved OA was accumulated preferentially by mussels (Figure 1).
This discrepancy was also noted in our previous field experiments carried out in the coastal waters of
Qingdao, China [33], in which the amount of OA adsorbed by SPATT bags was much higher than that
of DTX1, although similar concentrations of OA and DTX1 were obtained by SPE cartridges. The OA
content measured in scallops was also higher than for DTX1 [33]. To our knowledge, the difference
in OA versus DTX1 accumulation by bivalves was not identified in previous studies due to a focus
on DST accumulation by shellfish through feeding on toxic microalgae [19,38]. In the present study,
the accumulation efficiencies of OA and DTX1 in mussels decreased sharply in the high toxin level
treatment (Table 1). A possible explanation is that OA and DTX1 inhibited the filtration ability of
mussels. That was the case in feeding experiments with an AZA-producing microalga (Azadinium
spinosum), which had a negative effect on mussel filtration compared to non-toxic microalgal prey
(I. aff. galbana) [39]. The proportion of I. galbana cells cleared by mussels in the current study decreased
significantly over the 24 h feeding period in seawater containing dissolved DST (Figure 3). Moreover,
it was confirmed that dissolved OA and DTX1 inhibited the mussel filtration ability. It can be expected
that cultured bivalves exposed to blooms of DST-producing microalgae will be affected in a similar
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way. Although bivalves can survive DST contamination, their physiological condition and nutritional
status will likely be adversely affected.

Fatty acid esters of OA and DTX1, collectively known as DTX3 and frequently found in bivalve
field samples [11,13,17,18,21,40] were the predominant toxins accumulated by mussels in all treatments
(Figure 2). Blue mussels (M. edulis) feeding on the toxic dinoflagellate Dinophysis acuta [38] and scallops
(P. yessoensis) feeding on D. fortii [19] were also found to metabolize large proportions of OA, DTX1 and
DTX1b to DTX3 under laboratory conditions. Esterification of OA and DTX1 was also observed in the
present study in mussels after direct accumulation of these toxins dissolved in seawater. The DTX3
levels accumulated in mussels in the presence of SPM particles were lower than those observed
for any of the other treatments (Figure 2). This discrepancy may reflect a possible negative effect
of ingested SPM particles on the esterification process. SPM particles are usually retained by the
gills and eliminated by the labial palps, which could affect the respiratory efficiency of filter-feeding
mussels. Higher proportions of esterified OA as compared to those of DTX1 were also found in mussels
(Table 2), which may explain the preferential accumulation of OA versus DTX1 during the exposure
period. However, a similar pattern of DST tissue distribution occurred in mussels with or without SPM
particles (75–150 μm) added (Figure 4). Total OA and DTX1 content in these mussels ranked as follows:
digestive gland > gills > mantle > residual tissues. The proportion (%) of DST in the digestive gland
was higher in the control group (67%) than in the seawater plus SPM treatment (51%), but the gills
exhibited the opposite trend (Figure 5). This difference suggests that SPM particles do not facilitate
enhanced accumulation of dissolved OA and DTX1 due to possible adsorption and transporter actions,
but instead contribute to toxin retention in the gills. In a previous study of AZA uptake by mussels,
the percentage of AZA accumulated in the digestive gland was highest in mussels fed with live
A. spinosum cells, followed (in decreasing order) by those provided with lysed cells, dissolved AZA
plus non-toxic cells, and dissolved toxins; however, a large proportion of toxins (42% or 46%) were
stored in the gills when mussels accumulated dissolved AZA from seawater [36]. A dissolved AZA
accumulation route through the gills during respiratory and filtration activities was hypothesized
in the same study [36]. In the present study, it was expected that toxins adsorbed by SPM particles
retained in the gills during the filtration process would contribute to the total amount of toxins retained
in this tissue compartment. Yet, no enhancement in dissolved DST accumulation by mussels in the
SPM treatments (regardless of size fraction) was observed.

DST-producing dinoflagellates, such as Prorocentrum spp. and Dinophysis spp., release cellular
DST into the culture medium as part of their metabolism [41,42], and large amounts of DST have
also been detected in the water column during Dinophysis blooms [27]. A range of trace amounts
of OA have been measured in coastal waters of the Yellow Sea of China, although no blooms of
Dinophysis or Prorocentrum were observed in the area during the study period [33–35]. Based on the
new findings reported here, the persistence of trace OA concentrations in seawater will contribute to
DST accumulation by bivalves. OA and DTX1 toxins accumulated by mussels and scallops feeding
on toxic microalgae, except for the DTX3 stored in intracellular bodies, may be excreted into the
surrounding seawater with minimal metabolic transformation [19,38]. The free forms of dissolved
OA and DTX1 possibly circulated through mussels and seawater in this study. We hypothesize that
DTX1 was degraded to other derivatives in the 96-h exposure period. Field investigations on lipophilic
shellfish toxins in our previous study also hinted that OA in seawater was more stable than DTX1 [33].
This is consistent with the fact that OA was detected in marine sediments ranging from 0.78 to 3.34 ng
g−1 dry weight [35]. In addition to the heterogeneous vertical distribution of Dinophysis cells in the
water column, the accumulation of dissolved DST by mussels documented herein represents another
important argument against the early warning of lipophilic shellfish toxin events based solely on
dinoflagellate cell numbers [43]. Moreover, the risk of DSP outbreaks would increase if blooms of
toxic Prorocentrum spp. occurred in marine benthic environments. We suggest that dissolved toxins
should be monitored routinely and their dynamics investigated further to improve forecasting bivalve
contamination with DST.
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4. Conclusions

Accumulation of dissolved OA and DTX1 by mussels (M. galloprovincialis) was confirmed in
laboratory experiments in filtered seawater with and without microalgal prey (I. galbana) and in
the presence of different size-fractions of SPM. No positive effect of the food microalgae on DST
accumulation efficiency was observed, but a slight negative effect of the SPM particles was noted.
Higher accumulation efficiencies of OA as compared to DTX1 were recorded in all treatments,
and the same was observed for both toxins in seawater spiked with low concentrations of the two
toxins. Most of the accumulated OA and DTX1 was esterified to DTX3 in mussels in all treatments.
The proportion of microalgal cells (I. galbana) cleared by mussels was inhibited by dissolved OA and
DTX1 or by other compounds still present in the purified extract of P. lima. Total amount of OA and
DTX1 accumulated in mussel tissues ranked as follows: digestive gland > gills > mantle > residual
tissues, in all treatments. However, the proportion of total DST in the digestive gland in filtered
seawater exceeded that in the presence of SPM particles (75–150 μm), but the opposite trend occurred
in gills for the same conditions. The findings reported here will help us to improve the understanding
of DST accumulation mechanisms by bivalves in the field.

5. Materials and Methods

5.1. Chemicals

Acetonitrile, methanol, monopotassium phosphate (KH2PO4) and disodium hydrogen phosphate
(Na2HPO4) were obtained from Merck Ltd. (White-house Station, NJ, USA); formic acid, ammonium
formate, sodium hydroxide, ammonium hydroxide, and hydrochloric acid (HCl) from Fisher Scientific
(Fair Lawn, NJ, USA) and OA and DTX1 reference materials from the National Research Council
of Canada (Halifax, NS, Canada), and Wako Pure Chemical Industries, Ltd. (Osaka, Japan),
respectively. Milli-Q water (18.2 MΩ cm or better) was supplied by a Milli-Q water purification
system (Millipore Ltd., Bedford, MA, USA).

5.2. Microalgae

Prorocentrum lima strain IP797 (Bigelow laboratory, National Center for Marine Algae and
Microbiota, USA) was grown with filtered (0.45-μm mixed fiber membrane) and autoclaved (121 ◦C for
20 min) seawater (pH 8.0 ± 0.1, salinity 30 ± 1) enriched with f /2-Si medium [44] in conical 5000 mL
flasks. Larger volumes of P. lima were grown in a photo-bioreactor (120 L) at 16 ◦C under the same
light intensity of 111 μmol m−2 s−1 with a 12-h light: 12-h dark cycle. All the cultures were gently
shaken or stirred twice per day at morning and night, respectively.

An axenic culture of Isochrysis galbana strain 3011 (Ocean University of China collection) was used
as a non-toxic prey for mussels. Culture conditions were the same as those described above for P. lima
cultures except for the temperature, which was set at 20 ◦C.

5.3. Toxin Extraction and Purification

Cells of P. lima were collected with a silk mesh (25 μm), transferred into 50 mL centrifuge tubes,
centrifuged at 8000× g for 5 min, the supernatant was discarded and the pellet was stored at −20 ◦C.
One g (wet weight) of cells was weighed and transferred into a 10 mL centrifuge tube, 3 mL of methanol
was added and the tube was sealed before being submerged in liquid nitrogen for 15 min. Then,
the cells were sonicated for 30 min at 10 ◦C, followed by a three-fold freeze-thaw cycle, centrifugation
at 8000× g for 10 min and then the supernatant was transferred to a glass vial. Three mL of methanol
were added into the tube and the sample was centrifuged again. This extraction process was repeated
twice before the supernatants were mixed in a glass vial. The extract was filtered through a 0.22 μm
membrane filter (Jinteng, Tianjin, China) and stored at −20 ◦C.

Salts and pigments from the toxin extracts were removed by SPE purification procedure [33].
Fifteen mL of methanol were used to activate the HLB cartridge (Oasis, 3 mL, 200 mg) and then 15 mL
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of 20% methanol solution was added to equilibrate the cartridge. Further 15 mL of 20% methanol
solution were used to wash the cartridge after the toxin extract (3–5 mL) was loaded and 15 mL more
was used to elute toxins from the SPE cartridge. The rates of the activation and equilibration steps were
about 1 mL min−1, and of the sample loading, washing and elution about 0.5 mL min−1. The eluate
was concentrated under N2 at 30 ◦C and filtered through a 0.22 μm organic membrane filter (Jinteng,
Tianjin, China). It was stored at −20 ◦C until analysis. OA and DTX1 predominated the toxin profile of
the purified extract [45,46] and their concentrations were quantified using a LC-MS/MS method [47].
The toxin extract was dried under N2 at 30 ◦C and the residual was re-dissolved in filtered seawater
(0.45 μm) before adding to the feeding experiment.

5.4. Preparation of Suspended Particulate Matter

Surface sediments (<2 cm) were collected from Jiaozhou Bay (120.2573◦ E; 36.1796◦ N) and dried
at room temperature (total organic carbon ~1.88%) before grinding in a mortar and sieving them
through 200, 100 and 60 mesh sieves. Finally, three different size-fractions of SPM were obtained:
<75 μm, 75–150 μm, and 150–250 μm, respectively [37].

5.5. Design of Mussel Feeding Experiments

5.5.1. Effect of Suspended Particulate Matter on the Accumulation of Toxins by Mussels

Healthy looking adult mussels (Mytilus galloprovincialis) were obtained from Qingdao seafood
market. Natural seawater was used to carefully wash and clean the shells’ surface, and the connective
byssus between individuals was gently cut with scissors. Then, individual mussels were acclimated
for 1 week before the experiment in filtered seawater (0.45 μm membrane, salinity 29–30, pH 8.1–8.3,
temperature 15–18 ◦C) with continuous aeration (DO > 5 mg L−1). The seawater was renewed twice
per day, at morning and night respectively, with no addition of microalgal prey. Five individuals were
harvested randomly to analyze their background levels of OA and DTX1 before the experiment.

The design diagram of exposure experiments is shown in Figure 6. A total of 22 glass beakers
(5 L) were filled with filtered seawater (0.45 μm) and three mussels were added per beaker. Cells of
I. galbana were collected at the exponential growth phase, and three different SPM (<75 μm, 75–150 μm,
150–250 μm) size-fractions were added to each of the four beakers, with an initial microalgal density
of about 1 × 106 cells L−1 and a SPM concentration of 30 mg L−1. Then the mixture of OA and
DTX1 was added to these 16 beakers in two different concentrations of toxins (low: OA 0.92 μg L−1,
DTX1 1.32 μg L−1; high: OA 9.2 μg L−1, DTX1 13.2 μg L−1) to compare the effects in duplicate
treatments. Both concentration levels of toxins were also added to four controls without microalgae
and SPM, in duplicate treatments. Only filtered seawater and mussels were in the other two beakers
as blank control treatments. All mussels were cultured for 4 days under the same conditions before
terminating the feeding experiment. The ratio of the total OA or DTX1 accumulated by mussels to
the total amount of toxins added into the beaker was calculated as the accumulation efficiency of the
toxins shown in Table 1. The accumulation efficiency was calculated as the ratio between the amount
of toxins in the mussels and that supplied in the water.

 

Figure 6. Design diagram of the exposure experiments (SPM = suspended particulate matter).
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5.5.2. Effect of Toxins on Mussels Feeding Behaviors

A total of nine glass beakers (5 L) were filled with filtered seawater (0.45 μm) and cells of I. galbana,
collected at the exponential growth phase. The initial density of microalgae was 1.83 × 106 cells
L−1 to start the experiment. Three healthy mussels were placed in each beaker. Then two different
concentrations of toxins (low: OA 0.92 μg L−1, DTX1 1.32 μg L−1; high: OA 9.2 μg L−1, DTX1 13.2 μg
L−1) were added to the beakers in triplicate, respectively, and no toxins were added in the other
three beakers. Microalgal density in all beakers was counted throughout the entire feeding period.
The proportion of I. galbana cells cleared by mussels was calculated as the ratio between the number
of algal cells eaten and the initial amount of microalgae added to the beakers.

5.5.3. Esterification and Distribution of OA and DTX1 in Mussels

Three healthy mussels were placed in each glass beaker (5-L) filled with filtered seawater (0.45 μm).
The same density of microalgae (I. galbana; ~1 × 106 cells L−1) was added to six glass beakers. OA and
DTX1 toxins (OA 9.2 μg L−1, DTX1 13.2 μg L−1) were added into three of these beakers and no toxins
were added to the other three. SPM (size-fraction 75–150 μm, 30 mg L−1) was added to three glass
beakers and the same concentration of toxins was also spiked. The mussels were taken out and different
parts including gills, mantle, digestive gland and residual tissues were dissected after four days of
feeding. Free and esterified forms of OA and DTX1 in the different mussel tissues were analyzed.

5.6. Extraction of Toxins in Mussels

Free toxin forms were extracted from mussel tissues according to Li et al. [11]. In brief, 1 g of
homogenized tissue and 3 mL of methanol added to a 10-mL centrifuge tube were mixed with a
vortex, the mixture centrifuged at 8000× g for 10 min and the supernatant was transferred to a 10-mL
volumetric flask. Three mL of methanol was added and extracted twice, and all supernatants combined
in the volumetric tube. Finally, the extract was made up to scale using methanol and the extraction
ratio was 1 g: 10 mL. One mL of extract was filtered (0.22 μm membrane filter) and stored in sample
vials at −20 ◦C until analysis.

The esterified forms of OA and DTX1 toxins were analyzed following [48]. One mL of the
filtered (0.22 μm) extract of free toxin forms was transferred to a 4-mL glass vial, and 125 μL of 2.5 M
NaOH solution was added and mixed. Then the sealed mixture was hydrolyzed at 76 ◦C for 40 min,
neutralized with 125 μL of 2.5 M HCl and kept at room temperature. One mL of chloroform was
used for a liquid-liquid extraction for the hydrolyzed extract, and this process was repeated. Finally,
the chloroform phase was dried under N2 at 40 ◦C. The residual material was suspended in 1 mL of
methanol, which was filtered (0.22 μm membrane filter) and stored in a sample vial at −20 ◦C.

5.7. LC-MS/MS Analysis of OA and DTX1 Toxins

An Agilent 6430 tandem quadrupole mass spectrometer coupled with an Agilent 1290 HPLC
(Palo Alto, CA, USA) was used with an ESI interface. An X-Bridge™ C18 column (150 × 3 mm i.d,
5 mm, Waters, Milford, MA, USA) at 35 ◦C was used to separate OA and DTX1 toxins. The alkaline
elution phase (pH = 11) was composed by mobile phases A (water) and B (90% acetonitrile) both
containing 6.7 mM NH4OH [49]. A gradient was run at 300 μL min−1 starting with 10% ‘B’ for 1 min,
and increasing linearly to 90% ‘B’ over 9 min. The mobile phase was held at 90% ‘B’ for 3 min, returned
to 10% ‘B’ over 2 min, and held for 3 min before re-equilibration for the next run. An injection volume
of 5 μL was adopted here.

The atomization device press was set at 40 psi, and the capillary voltage was 4000 V.
The temperature of ESI source and dry N2 gas (flow rate 10 L min−1) was set at 110 ◦C and
350 ◦C, respectively. OA and DTX1 toxins were qualified and quantified by the selective reaction
monitoring mode of the negative mode, and the transition ions m/z 803.5 -> 255.2, 151.1 (OA), and m/z
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817.5 -> 255.2, 151.1 (DTX1), respectively. OA and DTX1 were quantified by comparing their peak
areas with those of solutions with a known concentration.
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Abstract: Surf clams, Mesodesma donacium, were shown to accumulate toxins from Dinophysis
acuminata blooms. Only pectenotoxin 2 (PTX2) and some of its derivatives were found, and no
toxins from the okadaic acid group were detected. PTX2 seems to be transformed to PTX2 seco-acid
(PTX2sa), which was found in concentrations more than ten-fold those of PTX2. The seco-acid was
transformed to acyl-derivatives by esterification with different fatty acids. The estimated amount of
these derivatives in the mollusks was much higher than that of PTX2. Most esters were originated
by even carbon chain fatty acids, but some originated by odd carbon number were also found
in noticeable concentrations. Some peaks of toxin in the bivalves did not coincide with those of
Dinophysis abundance, suggesting that there were large differences in toxin content per cell among
the populations that developed throughout the year. The observed depuration (from the digestive
gland) was fast (more than 0.2 day−1), and was faster for PTX2 than for PTX2sa, which in turn was
faster than that of esters of PTX2sa. PTX2 and PTX2sa were distributed nearly equally between
the digestive gland and the remaining tissues, but less than 5% of the palmytoyl-esters were found
outside the digestive gland.

Keywords: pectenotoxins; surf clam; accumulation; biotransformation; depuration

Key Contribution: Mesodesma donacium accumulates only PTX2, and no other pectenotoxin or toxin
of the okadaic acid group from Dinophysis acuminata blooms in northern Chile, suggesting that only
this toxin is produced by D. acuminata from the area. This compound is quickly transformed to
PTX2sa and to acyl-ester, and also depurates quickly.

1. Introduction

Toxins produced by the dinoflagellate genus Dinophysis frequently accumulate in bivalves making
them unsafe for human consumption and leading to closures of fisheries or marketing of aquaculture
products. The impacts of these toxins are widely distributed across the oceans, but some areas are
particularly affected, as is the case in Southern Chile and North-Western Spain [1–8].

Species of the genus Dinophysis are known to produce two different groups of toxic compounds:
toxins of the okadaic acid (OA) group and pectenotoxins (PTX) [7]. The production of one or both
types of toxins is known to be species-specific, but important strain variation exists. Some species
produce only pectenotoxins (Figure 1) while others usually produce toxins of both groups, although in
some cases, with a low relative proportion of pectenotoxins [7]. While the toxins of the OA group
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have caused numerous intoxications [9], there is no evidence that PTXs are toxic for humans by oral
exposure [10]. However, due to their toxicity by intraperitoneal injection (and some contradictory
results about the effects of oral administration) in mice and rats, some regulatory systems, such as the
European one, still maintain quarantine levels for these compounds [11,12], with a noticeable incidence
for products that target these markets.

 

Figure 1. PTX2 (upper structure) and PTX2 seco-acid (PTX2sa) and its acyl esters (lower structure).

In many bivalves, the accumulated toxins of the okadaic acid (OA) group are transformed to
7-O-acyl derivatives (generically known as DTX3) by esterification with fatty acids of different carbon
chain length [13–15]. Very likely this is the main route for the elimination of those compounds from
the bivalves. Less information exists for pectenotoxins, but it is known that they can be enzymatically
transformed to their corresponding seco-acid (by opening the macro-ring of the molecule) in the
digestive system of some mollusks [16]. These seco-acids can be esterified by fatty acids (as in the
case of the toxins of the OA group) at least in the mussel Mytilus edulis [17] and in an Australian clam
(probably Plebidonax deltoids) [14], suggesting that this can also be a depuration route.

In the northern region of Chile, the impact of the toxins produced by Dinophysis is less than in the
south, but some closures, mostly of the economically important aquaculture of the pectinid Argopecten
purpuratus, have taken place, as happened in 2005 due to a bloom of Dinophysis acuminata [18]. In that case
D. acuminata was shown to have an atypical toxin profile, producing only pectenotoxins, without traces of
toxins of the okadaic acid group. D. acuminata had been shown to be present in the north of Chile many
years earlier [19–21], and could be assumed to be persistent in the area. DSP harvesting closures in the
area, notwithstanding, were not needed until October 2005 [18], suggesting that toxin production was low,
or that the toxins produced were quickly degraded or depurated from the bivalves in the area.

In this work, we studied D. acuminata populations, and the accumulation in the surf clam
Mesodesma donacium of the toxins produced by this species in Coquimbo Bay, a significant fishing area
for this economically important species. The objectives of the study were: (a) to obtain the profile of
accumulated toxins; (b) to check if the accumulated toxin follows the D. acuminata cell abundance;
(c) to obtain an estimate of the depuration rate of the toxins involved; and d), to gather knowledge
about the possible transformations that take place in the bivalve.

2. Results

2.1. Abundance and Composition of Dinophysis Populations

Dinophysis populations were always present in the area and were dominated by Dinophysis
acuminata. Its abundance was generally low, with cell concentrations below 300 cells L−1 in 75% of the
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sampled weeks. However, some blooms, with abundances over 900 cells L−1 were recorded in April
2009, and in January and February 2010, reaching a maximum of 2100 cells L−1. On some occasions,
Dinophysis caudata and D. tripos were detected but only in net samples (with very low concentrations)
and their populations could not be quantified. The cells of Dinophysis acuminata were almost oval in
shape with the left sulcal list well developed and extending about one-half to two-thirds of the cell
length (Figure 2). The thecal plates that constitute the hypotheca were covered with circular areolae.
The antapex of the cells was rounded, and in some cells two to four small knob-shaped posterior
protrusions were found. The length (L) of the cell was 47.61 ± 3.87 μm and the dorso-ventral width (W)
was 34.69 ± 3.47 μm, while the L/W ratio was 1.38.

 
Figure 2. Phase contrast (left) and fluorescence photomicrographs of Calcofluor stained (right)
Dinophysis acuminata cells from samples of the study.

2.2. Toxin Profiles

OA, DTX1 or DTX2 were not detected in either the raw or the hydrolyzed samples, in this study.
The only PTX found was PTX2, which was accompanied by its seco-acid and by acyl-esters of its
seco-acid (Figures 3 and 4). None of the other monitored PTX compounds (Table 1) were found.
The main esters of PTX2-sa found were produced by esterification with palmitic acid (C16), but other
esters—from fatty acids with even carbon numbers (mainly C16:1, C14:0, C18:0, C18:1, C10:5) and
with odd carbon numbers (mainly, C15:0, C17:0 and C17:1)—were also found (Figure 4). The detected
acyl-esters seem to be mostly products of the esterification of the hydroxyl groups at C33 and/or C37,
as their fragmentation pattern presented relevant peaks at m/z 823, which is typical of these types of
esters (Figure 5). Additional small peaks also appeared when the product m/z 1061.5 was monitored,
probably due to the presence of C11 esters. A regression of the signals of m/z 823 and 1061 in all
measured samples gave an R2 of 0.999, indicating that the contribution of the C11 esters (associated
with m/z 1061 but not with m/z 823) was very small.
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Figure 3. Chromatograms of the main pectenotoxin (PTX) analogs detected (sample of the digestive
gland on 12 August 2009). The two lower chromatograms correspond to transitions of palmytoyl-esters
of PTX2sa. The upper one of these is more affected by C33 and C37 esters and the lower one of these is
also affected by C11 esters.

Figure 4. Fragmentation spectrum of palmitoyl-PTX2sa (main peaks).

Table 1. Transitions used to identify and quantify the compounds studied (CE = Collision Energy (V)).

Reference Parent Product CE

PTXs method

OA_DTX-2 803.5 255.2 48
OA_DTX-2 803.5 563.4 43

DTX-1 817.5 255.2 48
DTX-1 817.5 563.5 43
PTX-2 876.5 805.5 23
PTX-2 876.5 823.5 21
PTX1 892.5 839.5 23
PTX6 906.5 853.5 23
PTX12 874.5 821.5 23
PTX2sa 894.5 823.5 21
PTX2sa 894.5 805.5 21

PTX11sa 910.5 179.2 50
PTX11sa 910.5 137.2 50

C16-PTX2sa C33,37 1132.6 823.5 23
C16-PTX2sa C11 1132.6 1061.5 23
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Table 1. Cont.

Reference Parent Product CE

Acyl derivatives method

C14:0-PTX2sa 1104.6 823.5 23
C15:0-PTX2sa 1118.6 823.5 23
C16:1-PTX2sa 1130.6 823.5 23
C16:0-PTX2sa 1132.6 823.5 23
C17:1-PTX2sa 1144.6 823.5 23
C17:0-PTX2sa 1146.6 823.5 23
C18:5-PTX2sa 1150.6 823.5 23
C18:4-PTX2sa 1152.6 823.5 23
C18:3-PTX2sa 1154.6 823.5 23
C18:2-PTX2sa 1156.6 823.5 23
C18:1-PTX2sa 1158.6 823.5 23
C18:0-PTX2sa 1160.6 823.5 23
C20:5-PTX2sa 1178.6 823.5 23
C20:4-PTX2sa 1180.6 823.5 23
C20:2-PTX2sa 1184.6 823.5 23
C20:1-PTX2sa 1186.6 823.5 23
C20:0-PTX2sa 1188.6 823.5 23
C22:6-PTX2sa 1204.6 823.5 23

Figure 5. Chromatograms of the main acyl-derivatives of PTX2sa in the sample corresponding to the
digestive gland of the Mesodesma donacium taken on 12 August 2009. m/z numbers are the parent
masses (product m/z = 823) corresponding to esters of PTX2sa with fatty acids of the indicated chain.

Several esters, and perhaps several conformational isomers of them, for each fatty acid may be
involved as they were not resolved as a unique chromatographic peak, as shown for the esters with
palmitic acid (Figure 3).

PTX2 seco-acid (PTX2sa) concentrations were much higher than those of PTX2. Even though the
precise contribution of PTX2sa could not be determined because of the lack of reference solutions,
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the response in our method (estimated by means of a biotransformation experiment not reported here)
was approximately one-third that of PTX2. Taking this into account, the PTX2sa concentrations found
were on average nearly 20-fold and 10-fold those of PTX2, in the digestive gland and in the remaining
tissues, respectively.

Assuming that the response of the palmitoyl-esters of PTX2sa detected in the mass spectrometer
was the same as that of the unesterified compound, esters (even when only those of palmitic acid were
quantified) had, on average, half the concentration of PTX2sa in the digestive gland and were nearly
absent from the remaining tissues (Figure 6).

The relationship between the pectenotoxins concentration and those of its derivatives was linear and
statistically significant, both, in the digestive gland and in the remaining tissues (Supplementary Material).

Figure 6. Concentration of the studied toxins in digestive gland and remaining tissues of Mesodesma
donacium (PTX2sa ester = palmytoyl-PTX2sa). The limits of each box correspond to the 75% and 25%
quartiles. The central horizontal line inside the box is the median. The extremes of the vertical lines are
the extreme observations excluding the outliers and the isolated dots are outliers.

2.3. Anatomical Distribution of Toxins

The concentrations of all toxins studied were much higher in the digestive gland than in the
remaining tissues (Figure 7a). The concentrations of PTX2 and PTX2sa in the digestive gland were
approximately 10-fold those in other tissues, but the difference was even more important for esters
which were more than 300-fold more concentrated in the digestive gland (Figure 7a).

 
(a) (b) 

Figure 7. (a) Ratio between concentration of the toxins in digestive gland and other tissues (left panel)
and (b) percentage of the total toxin burden in the digestive gland (right panel).
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The amounts of PTX2 and PTX2sa were evenly distributed between the digestive gland and the
remaining tissues (with slightly less PTX2sa in the remaining tissues) (Figure 7b), but nearly all esters
were located in the digestive gland (with significant differences between esters and the other two
toxins, but not between PTX2 and PTX2sa).

2.4. Dinophysis Abundance and Toxin Concentration

Dinophysis abundance was generally low, exceeding 500 cells L−1 on only a few occasions.
The maximum weekly mean of cell concentration attained was 1825 cells L−1 (Figure 8). The time-course
of toxin concentration of M. donacium in the digestive gland showed three main peaks, which took place
at the same time for the PTX1, PTX2sa and PTX2sa esters. In general (when records of both, toxins and
cells were available) the peaks of D. acuminata abundance and toxin concentration in surf clams did
not coincide.

Figure 8. Dinophysis acuminata abundance and average weekly toxin concentrations in M. donacium in
samples from Bahía Coquimbo. Periods not connected by lines correspond to weeks in which samples
could not be obtained.

2.5. Depuration Rates

The estimated depuration rates (Figure 9) were higher for PTX2 than for PTX2-sa and PTX2-sa
esters. The average values were high at 0.3, 0.23 and 0.2 day−1, respectively.

Figure 9. Estimated depuration rates for PTX2 and its derivatives.
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3. Discussion

In Chile, the presence of Dinophysis acuminata has been described in several distinct geographical
locations. In northern Chile this species has been described between 18 ◦S and 33 ◦S [18–22].
The taxonomic examination of specimens from phytoplankton net samples revealed that the main
morphological features correspond to descriptions of this species given by Faust and Gulledge [23].
In relation to cell size, the length is consistent with measures given by Faust and Gulledge [23] (38–58 μm),
Lebour [24] (38–51 μm), Dodge and Hart-Jones [25] (38–58 μm), Olenina et al. [26] (38–58 μm) and
Reguera [27] (44–58 μm). However, our cells were larger than those reported by Sar et al. [28] (31.5–38 μm).
In relation to cell width, our measures are consistent with the values reported by Olenina et al. [26]
(30–38 μm), Faust and Gulledge [23] (30–40 μm) and Reguera [27] (24–43 μm).

Dinophysis acuminata was found to be persistent in the area, but without attaining high cell
concentrations. This finding seems to be consistent with observations that the species is common
in Northern Chile [18–21], but that it seldom results in market closures of fisheries or aquaculture
products [18].

The toxin profiles observed in M. donacium, with a complete absence of toxins of the okadaic acid
group, suggest that the lack of these toxins in D. acuminata from the area found in a bloom in 2005 by
Blanco, Alvarez and Uribe [18], was not a special case but rather a general characteristic of this species
in the area. The diversity of toxins and derivatives of the PTX group was very limited. Only PTX2 and
some of its derivatives in the form of seco-acid and seco-acid esters were found, suggesting that the
Dinophysis populations contain only PTX2, as PTX2-sa (as also seems to be the case on the Argentinian
coast [29]) and its esters are formed by the action of the bivalve [16,17,30–32]. Apart from Mytilus
edulis [14,17] and an “Australian clam” (cited by Doucet et al. [14] without specifying the species,
but which was probably Plebidonax deltoides as high accumulations of PTX2sa had been found in this
species in the area [7,33]), Mesodesma donacium is the first species in which esters of PTX2sa have been
found, suggesting that this transformation could be general in molluscs. In other bivalve species,
such as Patinopecten yessoensis, PTX2 undergoes an oxidation that yields PTX6 as the final product and
PTX1 as intermediate one [34,35], but neither PTX6 nor PTX1 have been found in M. donacium which
means that that oxidation route that generates these derivatives is not active in the species.

The fact that the observed peaks of cell abundance did not produce equivalent peaks of
pectenotoxins in M. donacium suggests that there were substantial differences in toxin/cell among the
different D. acuminata populations that developed throughout the sampled year. Other causes, such as
differences in the availability of the toxic cells to the infaunal populations of the mollusks cannot be
discarded. However, downwelling in the area (computed from the wind data of a meteorological
station on-shore, data not shown)—the main process that could potentially regulate this availability—
was not related to the toxin peaks in the clams.

The presence in M. donacium of PTX2, PTX2sa and PTX2sa esters suggests that PTX2 is transformed
to PTX2sa and then to PTX2sa esters. The first step (PTX2 to PTX2sa) could take place in the gut,
during = the process of extracellular digestion of the ingested phytoplankton, as demonstrated by
MacKenzie, Selwood and Marshall [16] for Perna canaliculus but it is possible that the transformation
continues once PTX2 is inside the digestive cells as it has also been observed in vitro by treating
PTX2 with homogenates [30–32] (or even in cells of other tissues). Esters of PTX2sa should be
generated inside the cells as happens with other toxins, such as those of the OA group [13,36,37],
brevetoxins [38], spirolides [39], gymnodimines [40], and other lipophilic compounds such as
esteroids [41,42]. Very likely the mechanism is a transesterification similar to that found in OA [36,43].
It is clear that this process, in the case of M. donacium, only takes place in the digestive gland and not
in other tissues, as their content in esters is marginal.

The fact that the apparent depuration rates from the digestive gland are lower as the compound
required more transformation steps (PTX2 > PTX2-sa > PTX2-sa esters) can be explained in multiple
ways. One possibility is that there were differences in the actual depuration rate of the compounds.
A second possibility, which seems more likely, is that the biotransformations altered the estimated
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depuration rates because the losses by depuration of the transformed compound are increased by the
amount of compound that is transformed, while those corresponding to the product compound are
decreased by the same reason. A combination of the two processes could also take place. A more
detailed study involving the analysis of these possibilities would be required to elucidate the precise
cause of the observed differences.

The observed depuration rates, even though they are likely to be underestimates (because the cells
rarely disappeared from the water), are relatively high in comparison with those of other lipophylic
toxins as those in the OA group [44,45]. Mesodesma donacium seems to depurate PTXs much faster than
Norwegian mussels and oysters, [46] with estimates of t1/2 (semidepuration time) of 6–13 days for PTX2
in mussels Mytilus edulis and oysters, while in this study they ranged from 2.3 to 3.1 days, for PTX2 and
palmytoyl-PTX2sa, respectively. Notwithstanding this, in a previous study, the estimated depuration
rates for PTX2 and PTX2sa from another mussel (Mytilus galloprovincialis), and the cockle Cerastoderma
edule, were much higher, ranging from 0.6 to 1.1 and from 1 to 3 day−1, respectively (t1/2 1.2–0.6 days
and 0.7–0.2 days) [47]. Okadaic acid in the same studies was found to depurate from the bivalves at
substantially lower rates [46,47].

These high depuration rates indicate that most of the accumulated toxins are likely to have been
recently incorporated, and that the levels of these kinds of toxins in M. donacium are strongly dependent
on the precise nature of the causative organisms.

4. Materials and Methods

4.1. Area of Study, Phytoplankton Sampling, Quantification and Taxonomic Analyses

Phytoplankton samples were collected periodically (weekly when possible) in Bahía Coquimbo
(29◦51′ S, 71◦16′ W) from 1 May 2009 to 28 April 2010, by means of vertical net hauls (20 μm mesh)
and a 10 m hose, in order to obtain integrated samples of the entire water column. Bahía Coquimbo is
a wide bay with a mean depth of 25 m, and is very dynamic, with typical surficial tidal currents of
around 10 cm·s−1 and bottom currents between 4 and 13 cm·s−1 [48]. The bottom sediment is mostly
sand and is sorted by depth, with the finest particles in the deepest locations [49], indicating a high
dynamism in the shallow areas. A thermocline sometimes exists, at a depth of 10 m. The phytoplankton
samples were obtained from the same location as those of Mesodesma donacium. Two aliquots were
preserved—one with formaldehyde 4% (net hauls) and another with Lugol’s iodine (hose)—for
taxonomic and quantitative analyses, respectively. Phytoplankton composition, including D. acuminata
cells, were routinely identified using an Olympus IX71 epifluorescence inverted microscope and the
method describe by Fritz and Triemer [50]. Phytoplankton and D. acuminata cells were quantified
using the Utermöhl method, described by Hasle [51], using 10-mL sedimentation chambers with an
Olympus IX71 inverted microscope.

4.2. Shellfish Sampling, Toxin Extraction and Hydrolysis

Shellfish samples were collected from 1 May 2009 to 28 April 2010 at the same station as the
phytoplankton samples, from 10 to 15 m deep, by means of hookah diving. When possible, a weekly
periodicity was maintained. Samples were homogenized and extracted with methanol 100% at a ratio
of 1:4 (weight:volume). Extracts were clarified by centrifugation (10,000× g, 15 min) and then filtered
through 0.20 μm Clarinert nylon syringe filters (13 mm diameter) (Agela technologies).

In order to check the presence of derivatives of toxins of the okadaic acid group some extracts,
selected because of their high PTX2 levels (which could be expected to be correlated with toxins of
the OA group), were subjected to alkaline hydrolysis following the standard procedure of the EU
Reference Laboratory for Marine Biotoxins [52].

330



Toxins 2018, 10, 314

4.3. Toxin Detection and Quantification

The toxins contained in the extracts were determined by HPLC-MS/MS, with a Thermo Accela
chromatographic system (UHPLC) coupled to a Thermo TSQ Quantum Access Max by means of a
HESI-II electrospray interface.

Basically, the chromatographic method by Regueiro et al. 2010 [53] was used, but modified in
order to use a shorter column and to allow enough time for the elution, not only of the free toxins,
but also of their acylated derivatives. Two chromatographic phases were used: A = 6.7 mM NH4OH
in MilliQ water (Millipore); and B = 90% ACN with 6.7 mM NH4OH. First, the sample was injected
into an online solid phase extraction (SPE) column (Phenomenex Security Guard 4 × 2 mm with
phase Gemini-NX C18 (AJO-8367) in an isocratic flow of 90% A and 10% B, while the chromatographic
column was kept at 80% A. After 1.5 min the system flow was switched (with a Rheodyne 2-position
6-way valve) and the content of the SPE column started to elute to the chromatographic column
(Phenomenex Gemini-NX C18 50 × 2 mm 3 μm). The phase B percentage was raised in a linear
manner until reaching 90% at min 3.85 and maintained at that concentration until min 8.25 when the
initial conditions were put in place again and maintained until min 10.5. At min 7.5 the Rheodyne
valve was switched again in order to equilibrate the SPE column for the next injection. For detailed
analysis of PTX2sa acyl-derivatives the chromatographic gradient was modified by extending it for
3 additional minutes.

The mass spectrometer was operated in positive and negative ionization mode using the following
settings: Spray Voltage Positive 3500 V, Negative 3000 V, Sheath Gas Pressure 50, Aux Gas Flow:
5; Vaporizer Temperature: 110; Capillary Temperature 360; Collision Gas Pressure (mTorr): 1.5.
For identification and quantification, the transitions given in Table 1 were used.

The toxin concentration in the extracts was quantified by comparing the area or the peaks obtained
in the chromatograms with those of certified reference materials obtained from Laboratorio CIFGA,
Spain and the NCR, Canada. When those materials were not available—as was the case for PTX2
seco-acid and esters of PTX2 seco-acid—a relative quantification was carried out using the signal of
PTX2 as reference.

4.4. Estimation of Depuration Rates

Rough estimates of depuration rates were obtained by using concentration values in two
consecutive weeks based on the following selection criteria: (a) that the first observation had a high
concentration value; (b) that the D. acuminata abundance in the following week was low; and (c) there
was no substantial increase of toxin concentration in the third week. This approach would yield
underestimated values of the depuration rate as some toxin uptake had taken place during the period
for which depuration was estimated. It was assumed that depuration followed an exponential decrease,
and the rate for each period was computed as Ln[Tox]week0 − [Tox]week1)/7 days and was expressed
as day−1.

4.5. Statistical Analysis

Regression, correlation and ANOVA analyses were carried out with R [54]. Descriptive statistical
plots were built with the ggplot2 package [55].

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/10/8/314/
s1, Raw data of toxin concentration in the extract. Raw data of Dinophysis acuminata cell counts. Figure S1:
Relationships between the PTX2 derivatives.
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Abstract: Several species of the dinoflagellate genus Dinophysis produce toxins that accumulate in
bivalves when they feed on populations of these organisms. The accumulated toxins can lead to
intoxication in consumers of the affected bivalves. The risk of intoxication depends on the amount and
toxic power of accumulated toxins. In this review, current knowledge on the main processes involved
in toxin accumulation were compiled, including the mechanisms and regulation of toxin acquisition,
digestion, biotransformation, compartmentalization, and toxin depuration. Finally, accumulation
kinetics, some models to describe it, and some implications were also considered.

Keywords: okadaic acid; pectenotoxins; Dinophysis toxins; accumulation; digestion; biotransformation;
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Key Contribution: The main aspects of the process of Dinophysis toxins accumulation are summarized
and analyzed.

1. Introduction

1.1. Dinophysis-Produced Toxins

Some dinoflagellates of the genus Dinophysis produce toxins belonging to the okadaic acid group
(okadaic acid and dinophysistoxins, OA and DTXs, respectively) and/or to pectenotoxins (PTXs).
Both groups of toxins are polyethers having a linear structure in the OA group and a macrocyclic
lactone in pectenotoxins. The compounds in the OA group have a terminal carboxylic function,
which in some cases, esterifies diols or other compounds, and a hydroxyl in C-7 that is frequently
esterified with fatty acids to yield the group of derivatives generically known as “DTX3” (Figure 1).
The macrolactone cycle of PTXs could be opened to produce seco-acids that in turn can be esterified
with fatty acids (Figure 7).

Dinophysistoxin-1 (DTX1) was identified in 1982 as the substance responsible for a toxic syndrome
(Diarrhetic Shellfish Poisoning, DSP) [1,2], which affected more than 1600 people in Japan [3]. This toxin
is a 35-R-Methyl derivative of okadaic acid, a compound that had previously been isolated from two
sponges of the genus Halichondria (H. okadai and H. melanodocia) [4], and which since then, has been
associated with numerous DSP outbreaks occurring all over the world [5–9]. The allowable levels in
shellfish of this toxin and other toxins or derivatives of the same group have been regulated in many
countries. In Europe and other areas, the established regulatory threshold is 160 μg OA-eq/Kg of
edible product (quantified together with pectenotoxins) [10–12].

Pectenotoxins have never been linked to any human intoxication [13], but they were discovered
because they co-elute with the toxins of the okadaic group and are lethal to mice by intraperitoneal
injection in the bioassays typically used to monitor DSP toxins. The regulatory level in Europe is the
same as the one for the toxins of the OA group (quantified jointly) [11].

Toxins 2018, 10, 453; doi:10.3390/toxins10110453 www.mdpi.com/journal/toxins335
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Figure 1. Structure of the toxins of the okadaic acid group. R4 and R5 are some examples of structures
which may be more complex.

The threat that these toxins pose to human health makes it mandatory to implement monitoring
systems. Legal/regulatory strategies must allow for the proper management of marine resources
(including aquaculture) to preserve public health and minimize the economic losses of fishermen and
farmers [14]. Both monitoring and management have costs and these can be high, depending on the
importance and value of the resources and means of commercialization [15].

Bivalves, retain, ingest, and digest Dinophysis cells, bioaccumulate the toxins they contain and
biotransform them into derivatives that could have different toxicities than their parent toxins.
Understanding these processes is essential to developing predictive capability of the intensity and
duration of toxic episodes of Dinophysis, and consequently, using the abundance of its populations as a
warning in monitoring systems and designing mechanisms to mitigate their impact by means of the
acceleration of the depuration process or the reduction of toxin uptake.

1.2. Toxins in Phytoplankton

Different species (or strains) of Dinophysis produce different toxins. Phytoplanktonic populations
usually contain free toxins (the main toxin structure without esterifying or being esterified with any
other compound). Thus, okadaic acid, DTX1, DTX2, and PTX2 (PTX11 and 12 to a lesser extent) are the
main toxins found.

Okadaic acid is present in many Dinophysis species and is dominant in European waters. In Japan,
Chile, and the U.S., DTX1 appeared more frequently [16–19]. DTX2 seems to be practically restricted
(with the exception of a few samples from Baja California, Mexico [20]) to the Atlantic coast of
Europe (Ireland [21] (where it was first identified), Spain [22,23], Portugal [24], Southern Norway [25],
Great Britain [26]), Northern Africa (Morocco [27], Tunisia [28]), and the Mediterranean Sea [29],)
and is mostly (or exclusively) associated with Dinophysis acuta [21,30,31].
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Derivatives of the free toxins in which the carboxylic function esterifies diols (diol esters), triols,
or more complex molecules (DTX4, DTX5) (Figure 1) have been described from certain OA-producer
Prorocentrum species [32–39]. In some species of the genus Dinophysis, such as D. acuta [40–42],
diol esters have been found and their presence is suspected in others like D. ovum and D. acuminata, in
view of the increase in free OA produced by the alkaline hydrolysis of the extracts of a bloom [43,44].
Some other species, such as D. fortii [40], and probably some strains of the cited ones, do not seem to
contain these kinds of compounds.

Pectenotoxins—mainly PTX2, but sometimes also PTX11 and 12 [42,45,46]—are produced by
several Dinophysis species [45,47–60]. Frequently their detection is concurrent with that of toxins of the
OA group, but in some cases, only pectenotoxins seem to be produced [17,61,62].

2. Ingestion

Toxins can be acquired by bivalves in two ways: (1) Directly from the dissolved phase, and (2)
from the cells or particulate matter that contain them.

The uptake of okadaic acid by bivalves from the dissolved phase has been demonstrated [63,64].
The capability of this toxin to pass through lipid bilayers by forming aggregates [65] or dimers [66] had
been previously shown. Other lipophilic toxins—the azaspiracids—for which this capability has not
been demonstrated, could also be acquired by mussels in a similar way [67]. Li et al. [63], observed that
the concentration of OA in bivalves exposed to dissolved toxin exceeded the levels that could be
expected in view of concentrations in the water, suggesting that an active uptake mechanism could
exist, at least in the digestive gland.

Most toxins, notwithstanding, are retained by bivalves together with the cells that produce
them. Bivalves pump water, with the particles suspended in it, through the gill and retain them in a
proportion which depends, among other factors, on their size. The feeding process comprises water
pumping and filtration, pre-ingestive particle selection, ingestion, post-ingestive selection, and food
amount regulation (reviewed in Dame [68] and Gosling [69]). Most bivalves retain particles larger that
5–7 μm with efficiencies of 100% [70–73], and consequently, can retain Dinophysis cells (mostly between
45 and 85 μm [74]) with high efficiency. Therefore, practically all particles pumped through the gill
are filtered and retained. The pumping rate depends mostly on the species, size of the individuals,
and concentration, as well as the quality of the particles suspended in water (seston). In general,
filtration is low at low seston concentrations, maximum at intermediate levels, and submaximal
when the concentration is high (reviewed in Gosling [69]), as is the case, for example, of the cockle
Cerastoderma edule in most conditions [75] (Figure 2).

When the filtration efficiency is close to 100%, the filtration rate and clearance rate (the rate at
which particles are withdrawn from water) are equivalent.

Filtration rate is a species-specific characteristic that can explain, at least in part, the differences in
the accumulation of Dinophysis-produced toxins between species. Oysters, for example, accumulate
fewer toxins than mussels [76–79], and their maximum filtration rate is, in general, lower [80,81].
Filtration rate is dependent on the gill area, and consequently, proportional to (approximately) the
square of the body length (L2), and also approximately to body weight (W2/3) (reviewed by Cranford
et al. [82] and Gossling [69], which means that smaller individuals of the same species filtrate more
cells or particles in relation to their body weight than larger ones.

The phytoplankton species may also affect filtration and clearance rates, as has been demonstrated
for some PSP producing species of Alexandrium [83] and some Pseudo-nitzschia (whether or not they
produce domoic acid) [84], but there is no evidence of these kinds of effects being caused by any natural
population of Dinophysis. Two species of scallops, Patinopecten yessoensis and Mimachlamys nobilis,
were shown to be affected by cultures of a PTX2-producer, Dinophysis acuta, but to a degree that was
not dependent on the toxin quota of the cultured cells [85]. Another okadaic acid-producing species,
Prorocentrum lima, has been shown to reduce the filtration rate of mussels [86], and recently, Li et al. [63]
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also found a reduced clearance rate in mussels exposed to okadaic acid isolated from the same species.
In none of these cases can the possible contribution of other biologically active substances be ruled out.

Figure 2. Filtration, ingestion, and rejection of seston by the cockle Cerastoderma edule as a function
of organic content and seston concentration. Reproduced with permission from Iglesias et al. [75],
published by Elsevier 1996.

In some cases, a proportion of the cleared particles is rejected, in a degree that is dependent,
at the very least, on the seston concentration and on its organic content, with maximum rejection
levels at high concentrations of inorganic particulate matter. Dinophysis blooms are associated with
a wide range of particulate matter concentrations, ranging from very low (in cases where hardly
any other phytoplankton species are present) to very high (in cases where Dinophysis are only
minor accompanying species). Therefore, a constant response of bivalves, in terms of rejection,
would not be expected. Sampayo et al. [87] and Haamer [88] found that the toxicity degree of bivalves
exposed to Dinophysis populations was lower when the abundance of accompanying species was low,
which, among other causes, could be due to increased rejection under these conditions.

Not all particles that are retained by the gill are ingested afterwards. Some particles are negatively
selected and rejected through the production of pseudofaeces [75,89–92] or other mechanisms [93,94].
In general, particles with a high organic content, which include phytoplankton, and therefore
Dinophysis cells, are preferentially ingested [90]. Size may also play an important role in particle
selection. Inorganic particles, with the same shape, larger than the threshold size (depending on
the species) were found to be rejected preferentially [95]. Mafra et al. [84] also found that the oyster
Crassostrea virginica preferentially rejects large cells of Pseudo-nitzschia multiseries—a diatom producer
of the ASP toxin domoic acid—an occurrence which they associated with the fact that the large cells
exceeded the width of the principal filament aperture (approx. 68 μm). Even when Dinophysis cells
are above that size threshold, there is no evidence that they (or other organic particles) are rejected
preferentially. Contrarily, it seems that the mussel Mytilus galloprovincialis can ingest Dinophysis cells
preferentially over other phytoplanktonic species, in view of the gut remains [96].

Intraspecific differences in OA accumulation during the early stages of a Dinophysis bloom
(therefore, probably related to cell ingestion) have also been found in mussels. These differences would
have a genetic basis, as a heritability greater than 30% was estimated [97].
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3. Post-Ingestive Selection and Regulation of Food Processing

Once ingested, the Dinophysis cells, jointly with other particles go through the esophagus to
the stomach and the crystalline stylus sac where they are broken down [98] into fine fragments,
before being transferred to the digestive tubules. The walls of the stomach of the bivalves have a
complex network of ciliated folds that are believed to act by sorting particles [99]. If the number of
particles ingested is low, a high proportion of the large particles are recurrently sent to the crystalline
style sac for additional processing, and another proportion is directly rejected and sent to the intestine.
If the amount of food ingested is high, a larger proportion of the ingested cells is diverted unprocessed
to the intestine and eliminated with feces (Figure 3). The higher the volume of ingested material,
the shorter the time it will stay in the digestive system (gut passage time, GPT), and it will consequently
go through less processing and digestion, leading to a lower absorption efficiency of the organic
matter [100,101]—including the toxins [102,103]—it contains. These processes could help explain
why the bivalves exposed to Dinophysis populations acquire less toxicity when the accompanying
populations of other phytoplankton species are abundant [87,88].

Figure 3. Schematic representation of the particle flow through the digestive system of a bivalve
(redrawn and simplified from Owen [98]). Black arrows represent large particles and red arrows
small particles.

The ingested particles could be selectively diverted to the intestine and eliminated with feces
without further processing by post-ingestive selection, which has been documented for several species
and types of particles [92,104–106]. This kind of selection has not been demonstrated for Dinophysis,
but it was shown for another okadaic acid producer [107,108], Prorocentrum lima, where this mechanism
was hypothesized as being a way to reduce the accumulation of the toxin and avoid its possible
effects [108].

4. Digestion and Uptake

Digestion in bivalves has two components: one is extracellular, which takes place mostly in the
stomach and crystalline style sac, and the other is intracellular, which takes place mostly in the cells
of the digestive tubules (Figure 4). In the first step, the ingested particles, including Dinophysis and
other phytoplankton cells, are broken down and consequently, the released substances are subjected to
the action of both the autolytic enzymes of the ingested phytoplankton and the digestive enzymes
secreted by the bivalve. The pH of the digestive system is also different from the one in seawater
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but it is not extreme, with its minimum value being around 6. Neither the enzymatic activity nor
the pH levels seem to degrade or transform the main Dinophysis-produced toxins [64,109], as the
amounts of toxin ingested and excreted have been found to be approximately the same. At least some
of their derivatives, notwithstanding, could be hydrolyzed to the main toxins or to other (simpler)
derivatives. The enzymes of the diatom Thalassiosira weissflogii, for example, were shown to quickly
convert DTX4 and DTX5 to diol-esters, and those, at a lower rate, to the main toxins [110]. The same
processes are known to take place with autolytic enzymes of the OA producer Prorocentrum lima,
as shown by the fact that the cell concentrates must be boiled to inactivate enzymes to obtain these
compounds [36,111,112]. It can be expected that enzymes of this kind will be released into the stomach
after cell breakage and catalyze the hydrolysis as discussed earlier. The digestive enzymes of the
bivalves also play a role in transformations of this type as these compounds are quickly hydrolyzed by
esterases [34] and bivalves secrete enzymes of this group [69,113]. Some studies of the time-course of
OA, DTX2 (and their conjugated forms) depuration in the mussel Mytilus galloprovincialis showed a
quick decrease in conjugated forms just after Dinophysis ingestion stopped, which was interpreted as
corresponding to the hydrolysis of the conjugated forms acquired from the Dinophysis cells [44,114].
Mackenzie et al. [115] isolated a digestive esterase from the green mussel Perna canaliculus, which has
the capability of hydrolyzing diol-esters, as well as 7-O-acyl esters, of OA (which may also be also
present in seston after OA is biotransformed by Dinophysis consumers). It is possible that not all
diol-esters are hydrolyzed at the same rate, as the activity of the enzyme varies noticeably with the
chain length of several 4-nitrophenyl esters tested [115].

Figure 4. Structure of the digestive tubules and diverticula, showing incoming particles and outgoing
excretory spheres (rejection bodies). Reproduced with permission from Owen [98], published by
Company of Biologists 1955.

Much less information is available on pectenotoxins. The main change induced by digestive
processes is the opening of the macrolactone ring to produce a secoic acid. As discussed earlier,
the esterase isolated from P. viridis catalyzes this transformation of some, but not all, pectenotoxins.
PTX2 and PTX1, for example, are readily hydrolyzed while PTX11, PTX2c, and other analogues are
not affected. Additionally, at least the latter two compounds act as competitive inhibitors of PTX2
hydrolysis [115], which may also be true of equivalent enzymes of other bivalve species.

From the stomach, the partially digested material is diverted to the digestive tubules where
extracellular digestion is completed, and where intracellular digestion takes place [69,113]. The uptake
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of the toxins of the OA group by digestive cells has been the object of very few studies, but there are
several mechanisms that could be involved. Rossignoli [64] found that OA was taken up by fragments
of digestive gland much faster when supplied in dissolved form than in an emulsion of oil droplets.
Moreover, it was recently found that dissolved OA and DTX1 can be taken out by different tissues
of the mussel Mytilus galloprovincialis [63], but especially by the digestive gland. Even when, at the
pH levels found in the digestive gland, the main toxins of the OA group are ionized, in view of
their pKa [116], they were shown to be able to self-assemble [66] or to form aggregates of several
molecules [65] in a way that hides the charged parts of the molecule, allowing them to pass through
the lipid bilayers (as cell membranes). Diol-esters are less polar than their corresponding main toxins
and the carboxylic function, being combined with a diol, cannot be charged. Hence, they could be
taken up more easily than the free toxins. It would be expected that the toxins taken up by this
mechanism are initially stored in the cytosol, as was found for OA by Rossignoli and Blanco [117] and
by Guéguen et al. (mostly) [118].

Some endocytic mechanisms, such as phagocytosis or pinocytosis that are involved in the
uptake of different components of food by digestive cells, do not require the toxins to be uncharged
because they do not need to pass through the cellular membrane (Figure 5). Dissolved OA could be
absorbed mainly by means of phagocytosis when associated with debris of Dinophysis cells, or by
pinocytosis, in addition to diffusion through the membrane, when it is in solution. In both cases,
the toxins would enter the cell inside endosomes that would be progressively converted into lysosomes.
Guéguen et al. [118] found a noticeable proportion of the cellular okadaic acid to be located in
lysosomes, which means that this route of uptake could also be important. Phagocytosis has been
suggested for highly lipophilic xenobiotics [119], with an octanol-water partition coefficient ≥ 4 (log P),
because they are mostly associated (adsorbed or dissolved into them) with organic particles or lipid
droplets [120].

Phytoplanktonic pectenotoxins, which have a polarity similar to that of OA, and which are not
ionized at a pH below 8, are expected to share the same uptake routes.

The dominance of one route or another is probably a complex mixture of the distribution of toxins
in the lumen of the digestive tubules, the concentration of free toxins in the cytosol of the cells and the
rates of diffusion (passive or facilitated) or phagocytosis.

Figure 5. Hypothetical steps involved in the accumulation of toxins in the okadaic acid (OA) group.
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5. Compartmentalization

When the toxins enter the digestive gland cells, they are distributed heterogeneously between the
different types and the different parts of the cells. Okadaic acid was shown to be stored preferentially
in the digestive cells of M. galloprovincialis rather than the secretory cells [121] (the two main cellular
types that integrate the digestive tubules) [113,122]. The structure and function of each cellular type
could explain this preferential storage, as secretory cells present less surface to tubule lumen than
digestive cells, and their function as secretory cells does not include endocytic processes.

Once inside the cells, okadaic is mostly located in the cytosol and bounded to (or dissolved
into) high-density lipoprotein(s) (HDL) [117] (the same was observed for acyl-derivatives of OA,
unpublished information), but in some cases, a noticeable proportion of OA could be also found in
lysosomes or similar cellular structures [118]. It seems very likely that the toxin contained in the
lysosomes entered the cell by means of an endocytic mechanism and in the cytosolic fraction it entered
the cell in dissolved form and/or was transferred to the cytosol from the lysosomes.

The association with HDLs probably has a transport function, since this group of proteins is
strongly linked to the transport of lipophilic substances in the organism. In humans, for example,
HDLs in association with ABC membrane transporters are responsible for removing excess cholesterol
from cells and transporting it to the liver and other steroidogenic tissues to be metabolized and
excreted [123].

There is no information available on the cellular or subcellular distribution of pectenotoxins,
but it would seem likely that they share this with other compounds of similar polarity, such as OA
or cholesterol.

Anatomically, both pectenotoxins and toxins of the OA group are heterogeneously distributed
among organs and/or tissues. Okadaic acid has been shown to be concentrated especially in the
digestive gland of the mussels Mytilus galloprovincialis [124], M. edulis [86,125–127], and in the
scallop Argopecten irradians [108]. It also appears to be the case with two Australian scallop species,
Pecten fumatus [128] and P. maximus [129], the clams Spisula solida and Donax trunculus [130], and the
razor clam Pinna bicolor [128]. Notwithstanding, recently in Crenomytilus grayanus, it was found that
the acyl-esters of OA were more abundant in other organs than in the digestive gland (quantified by
means of ELISA assay) [131].

Little information is available on pectenotoxins, even though it is generally admitted that the
digestive gland is the main accumulator of this group of toxins, and this organ was used to isolate
pectenotoxins as a step prior to their purification (e.g., Daiguji et al. [48]). In the Chilean surf clam
Mesodesma donacium PTX2 and PTX2sa were 10-fold more concentrated in the digestive gland than in
the remaining tissues, and the esters were nearly absent outside the digestive gland (approx. 300 times
less concentrated) [132]

It is highly likely that compartmentalization influences depuration. As the main organs involved
in excretion in bivalves are the kidney and digestive gland, the toxins located in other body tissues
would probably be transported to these organs before starting depuration, which would slow down
the process.

6. Transformation

The toxins produced by Dinophysis undergo transformations during the extracellular digestive
process, as is the case of the hydrolysis of conjugated forms of the toxins in the OA group (Figure 6),
and the formation of secoic acids of the pectenotoxins (Figure 7). Thereafter, they are partially
transformed inside the cells of the bivalves. The main transformation route is the esterification with
fatty acids of different chain lengths. In the toxins of the OA group, the hydroxyl group in C7 is
frequently esterified with fatty acids, forming 7-O-acyl derivatives, generically known as DTX3 [133].
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Figure 6. Main transformations of the toxins of the okadaic acid group. Labels inside the boxes indicate
the moieties that constitute the molecule. Zigzag lines indicate the bonds that are broken to generate
other compounds. The line(s) of each box indicate whether the compounds are found in phytoplankton
or in bivalves. From Reguera et al. [74].

The free toxins undergo an esterification with fatty acids [134,135], where the microsomal fraction
of the digestive gland cells—probably originating from the endoplasmic reticulum—is involved [134].
In some cases it seems that diol- or triol-esters which may not be partially hydrolyzed during the
digestion process, are also esterified yielding mixed (or hybrid) esters, where the carboxylic function
of the OA (or other analogues) is esterifying a diol or triol and a hydroxyl (in C7 of the OA or in
any location of the diol/triol) is esterified with a fatty acid [38]. The proportion of the different fatty
acids involved in the formation of the esters is variable, depending mainly on the bivalve species.
Linear fatty acids with an even number of carbon atoms are frequent in all molluscs [136–141], and the
esters of OA and PTX are usually formed with these fatty acids. Nevertheless, some infaunal species
like cockles and clams, seem to have a noticeable proportion of odd-chain and branched-chain fatty
acids involved in the esterification of the toxins [136], which Vale [142] hypothesized as possibly being
caused by bacterial action.

Not all bivalve species have the same esterification capability and not all toxins are esterified
at the same rate. In most of the studied bivalve species, the esterification is fast, reaching
nearly 100% soon after the supply of free toxins is interrupted. This is the case, for example,
of the cockle Cerastoderma edule, the peppery furrow shell Scrobicularia plana, the carpet shell
Venerupis pullastra, the Pacific oyster Crassostrea japonica (Magallana gigas), the razor clams Ensis spp.,
Ruditapes decussatus [143,144], the European flat oyster Ostrea edulis [26,144,145], the surf clam
Spisula [146], the littleneck clam Leukoma staminea [143], the scallop Patinopecten yessoensis [147,148],
the Manila clam Ruditapes philippinarum (unpublished data), and some Chilean mussels (the blue mussel
M. chilensis and the ribbed mussel Aulacomya ater [149]). In other mussels, such as Mytilus edulis [144],
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M. galloprovincialis [44,114,130,134,148,150–152], M. coruscus [139], and Crenomytilus grayanus [131]),
as well as in some other species, like the clam Donax trunculus [136] or the variegated scallop
Aequipecten opercularis (unpublished observation), the proportion of esterified toxins is usually much
lower than 100%.

Figure 7. Transformations of PTX2 in bivalves.

Different toxins could be differentially esterified, depending on the species. In general, it seems
that the species that readily esterify OA (most infaunal species and oysters) do not show important
differences between toxins, whilst other species, such as Mytilus galloprovincialis or M. edulis,
for example, where OA is only partially esterified, esterify other toxins of the same group much
less efficiently. In Norway [144], the flat oyster Ostrea edulis, was shown to contain a high proportion of
esterified OA (86%) and also high proportions of esterified DTX1 and DTX2 (93 and 83%, respectively),
whilst the blue mussel Mytilus edulis, with only 41% of the OA esterified, contained substantially lower
proportions of esterified DTX1 and DTX2 (27 and 21%, respectively). The same pattern was found in
an intoxication experiment with the same species and toxins involved [145], and in the early work of
Marr et al. [141]. In Portugal, Vale and Sampayo [150] found no difference in the esterification of OA
and DTX2, in most clams, cockle, and oyster, which esterified these compounds almost completely.
However, they did find a substantially lower percentage of esterified DTX2 than OA in mussels,
where the proportion of esterified OA was less than 50%. The same pattern was also observed in
Galicia (NW Spain) [153].

Pectenotoxins are also transformed inside bivalves. The most frequent transformation seems
to be the opening of the macrolactone ring to produce the seco-acids corresponding to each
toxin [46,48,52,59–61,130,132,145,152,154–159]. It is very likely that this transformation takes place
during digestion, as found by MacKenzie et al. [115] in Perna canaliculus and other species.
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Notwithstanding, the transformation from pectenotoxins to their corresponding seco-acids is a species-
and toxin- dependent process. The Japanese scallop Patinopecten yessoensis, for example, does not
hydrolyze the macrolactone ring of PTX2, and consequently it does not generate seco-acids [49,160,161].
There are other bivalve species which have been found to be unable to transform PTX2 into its seco-acid
when this toxin was incubated with homogenates of their hepatopancreas or other organs [115].
While the enzyme isolated from Perna canaliculus can hydrolyze PTX2 and PTX1, it does not have the
same capability for some of their stereoisomers, such as PTX2b and c, and with other compounds of
the same group, as PTX6 and PTX11 [45]. PTX12 seco-acids also seem to be less readily formed than
those of PTX2 in blue mussels from Norway, but not in the cockle Cerastoderma edule from the same
location (at least in some cases) [46].

Patinopecten yessoensis transforms pectenotoxins in a significantly different way (Figure 7).
This species performs a series of successive oxidations of C-43. From PTX2, its hydroxy (PTX1),
its aldehyde (PTX3), and finally its carboxylic derivative (PTX6) are formed [49,162]. As far as we
know, this sequential oxidation route of PTX2 has only be found in Patinopecten yessoensis, and it
has the additional peculiarity that it does not take place in vitro by incubation with digestive gland
extracts [162]. However, the possibility that this process could take place in other bivalve species
cannot be ruled out.

The seco-acid of PTX2, at least in some bivalves, undergoes an esterification with fatty acids,
as happens with other lipophilic compounds, like okadaic acid and dinophysistoxins 1 and 2 [134]
or steroids [163,164]. Three types of esters have been described, depending on the position of the
esterified hydroxyl group: C-11, C-37, and C-33 [165]. These esterified forms could be found in
some bivalves in a noticeable proportion in relation to PTX2 and PTX2sa [132]. Like the 7-O-acyl
esters of the okadaic acid group, several fatty acids may be involved and the mechanism could
also be a trans-esterification in which Coenzyme A is involved. In the digestive gland of mussels
(M. galloprovincialis), an overexpression of genes related to the Coenzyme A activity has been found
after exposure to the OA-producing organism Prorocentrum lima [166].

7. Depuration

Lipophilic toxins do not remain in bivalves indefinitely. They are eliminated from their organs
(depurated) at rates that are species- and toxin-dependent. During the intoxication phase, toxins are
stored into two main compartments: (a) The outer part of the digestive system (stomach, gut, digestive
diverticula), and (b) inside the cells of different organs, mainly the digestive gland. During the
depuration phase, shortly after the supply of toxic organisms ceased, the first compartment loses most
of its importance, because it includes only the toxins that are being released with feces. Obviously,
the mechanisms involved in the elimination of the toxins from each of these two compartments would
be completely different. In the case of the first compartment, depuration consists only (or almost
only) of the evacuation of the toxins and/or of the particles containing them from the lumen of the
digestive organs. In this case, the velocity of the depuration would be related to the rate of renewal of
the digestive system, and therefore to the gut passage time, which in turn, is related to the volume
of the ingested material. Neither the renewal rate nor the forms in which the toxins are present are
expected to be the same in the digestive diverticula and the remaining parts of the digestive system.
The digestive diverticula receive material that have already been processed in the stomach and which
have been subjected to post-ingestive selection. On the contrary, the stomach and gut contain materials
that are unprocessed, are being processed, or have been negatively selected due to their characteristics
and/or because of an excess amount of food to be processed. Typically, gut content is renewed within
hours, but renewing the diverticula content takes days.

Once the toxins are inside the cells, the depuration mechanisms involved are not very well known.
In the okadaic acid group at least, the degradation of the main toxin structural backbone does not
seem to be important in light of the existing mass balance studies [64]. As far as we know, no mass
balance of the pectenotoxins in the bivalves has been carried out, in part because of the methodological
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difficulties entailed in quantifying seco-acid esters. Hence, the possibility of the degradation of these
toxins cannot be ruled out. In fact, the formation of seco-acids could be considered a degradation of
the toxin as the structure is substantially modified by opening the macrolactone cycle and its toxicity
is lost.

Therefore, it seems that efflux from the cells would be the main process involved in depuration.
Efflux by means of passive diffusion is unlikely because, if that mechanism were important,
no accumulation of the toxins would take place. Thus, active efflux through the plasma membrane
would take place. This can be done by means of protein membrane transporters or by vesicular
transport. In the first case, a number of transporters may be involved, but only a few have been
studied. Martínez-Escauriaza [167] and Lozano [168] found in mussels exposed to okadaic acid,
an overexpression of genes that codify for membrane transporters, more precisely for a Multidrug
Resistance Protein (MDR1, P-glycoprotein) and a Multidrug Resistance-Related Protein (MRP2), both of
the ATP-Binding Cassette (ABC) type, which, as commented above, are related to the transport of
excess cholesterol and involved in the elimination of multiple xenobiotics from bivalve cells [169–176].
Huang et al. [177] found that the genes that codify for a p-glycoprotein (MDR type) were overexpressed
in the mussel Perna viridis after its exposure to the OA-producing dinoflagellate Prorocentrum lima.
Notwithstanding, some specific inhibitors of the activity of the equivalent protein in humans did not
increase the amount of OA accumulated by the mussels, which led the authors to suggest that MRP-type
proteins could be involved in the efflux of OA. It should be taken into account that inhibitors, known
to be effective in human transporter proteins, might be ineffective in their bivalve homologues [170].

The acylation of the molecules of the OA group seems to be an important step in depuration (with
the exception of short-term depuration), as most toxins found in bivalve feces are conjugated with fatty
acids [64] (+additional unpublished information). This depuration route holds true even for species
with a relatively low acylation capability for these toxins, such as the mussel Mytilus galloprovincialis,
and suggests that the main route for depuration is selective enough to exclude the free forms of the
toxins, which suggests that it includes a selective transporter. In fact, from that mussel, DTX2 which
esterifies to a lower percentage than OA, depurates more slowly [114,130,145,152].

Vesicular transport could also contribute to depuration. The formation of excretion spheres is a
common mechanism of digestive cells to eliminate unassimilated substances (Figures 4 and 8), and we
have observed that feeding toxic mussels with substances which bind OA and that cannot be easily
digested, like Diaion HP-20 (a synthetic resin) or Olestra (a polyester of sucrose with fatty acids,
from Procter and Gamble) substantially accelerated the depuration velocity [64] (Figure 9).

Suárez-Ulloa et al. [166] found that genes related to vesicle-mediated transport are overexpressed
in the mussel digestive gland after exposure to the OA producer dinoflagellate Prorocentrum lima,
which could also support our findings with Diaion and Olestra.

The depuration rates of these toxins are also dependent on the bivalve species and the toxin. It is
difficult to extract reliable depuration rates from the literature because they have been obtained in
different ways, and in many cases, do not consider all the processes that could affect the amount of a
particular toxin in the bivalve body, for instance: (a) In some cases, the change in the toxin burden
of the bivalves was used to estimate the rates; however, in many other instances, toxin concentration
was used, which means that the estimates are affected by changes in body weight. (b) The whole
body was used in some cases, and the digestive gland alone in others. (c) The total amount of a toxin
or a particular form of the toxins has also been used. In the former case, the estimated depuration
rate is the real depuration rate, but if a particular form of a toxin (free form, for example) is used,
then the depuration rate obtained is only apparent because the actual rate is increased by the loss of
that form of the toxin—not only by depuration but also by transformation to other forms (for example
to acyl-derivatives). Moreover, it is decreased by the transformation of other forms to it (for example
from diol-esters to OA) (see some examples in Figure 8, in which some forms of the toxins that do
not depurate in the model, have “apparent” depuration rates higher than the forms that are actually
depurated). (d) In the cases in which depuration was estimated from bioassay or immunoassay data,
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the estimates are affected by the toxin profile and its changes. The following data should therefore be
considered rough approximations.

Figure 8. Cells of a digestive tubule after being fed with particles of titanium oxide and colloidal
graphite showing the formation and expulsion of excretory spheres containing these materials.
Reproduced with permission from Owen [98], published by Company of Biologists 1955.

Figure 9. Content in okadaic acid of mussels at the start of the depuration period and after one week.
Initial = start of the experiment. Control, Olestra, and Diaion HP20 = after one week being fed with
Tetraselmis suecica (control), supplemented with Olestra and Diaion HP20.

In general, the elimination of OA, usually estimated by fitting a first-order exponential
decay, is relatively fast in all molluscs. In cultured Galician mussels Mytilus galloprovincialis,
average depuration rates were around 0.17 to 0.07 day−1 or even less at the final part of the depuration
phase [44,114,178,179]; 0.19 in M. galloprovincialis in the Adriatic sea [180]; and 0.13 in Portugal [130];
approx. 0.13 for Briton and Mediterranean mussels, respectively [181]; 0.05 for M. edulis from
Norway [145] and 0.13 from Denmark [182]; between 0.07 and 0.17 for Donax trunculus [130,183],
0.22 for Spisula solida [130], and 0.23 for Perna viridis [184].
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In general, the estimates of the depuration rates for DTX1 and DTX2 are equal to or lower than
for OA [114,145,152]. In Mytilus galloprovincialis and Donax trunculus—species with low esterification
rates—DTX1 and DTX2 are depurated more slowly than OA, which also seems to be true for species
with a moderate esterification capability, such as the European oyster Ostrea edulis [145]. In several
species with high esterification rates, like the cockle Cardium edule and others, OA and DTX2 appear to
be depurated at similar rates [130,152]. The most likely reason is that these toxins are mostly (after the
first steps) depurated as esters, and considering that depuration is proportional to the concentration of
the toxin to be depurated, a lower proportion of esters leads to a lower depuration rate.

Very few studies have examined the depuration of esters. Vale [130,152] estimated the depuration
rates of OA and DTX2 esters to be higher than those of their free form counterparts, but the opposite
was found by Lindegarth et al. [145]. This could be explained because the number of accumulated esters
is determined by the balance between esterification and depuration, and consequently, the estimated
depuration is only “apparent” and not the real one.

The estimation of the depuration of pectenotoxins is even more inaccurate than that of the toxins
of the okadaic acid group because it is impossible to measure the total toxin. In toxins of the OA group,
it is possible to transform all chemical forms into free toxins by hydrolysis, but this is not possible
with pectenotoxins due to their instability under extreme pH conditions. For example, the estimates of
the depuration of PTX2 are overestimated because it is simultaneously depurated and transformed
into PTX2sa. The estimates corresponding to PTX2sa are on the one hand, overestimated because it is
transformed into PTX2sa-acyl esters, and on the other, underestimated because it derives from PTX2.
Even if all these steps are combined in a model, it would be difficult to obtain a correct estimate because
it is not possible to quantify all PTX2-acyl esters due to the huge number of possible combinations of
fatty acids and locations in the molecule of the esterified hydroxyls.

The “apparent” depuration rate of PTX2 was estimated to be 0.09 day−1 for the Norwegian blue
mussel Mytilus edulis and the flat oyster Ostrea edulis [145]. In another mussel, M. galloprovincialis,
in Portugal, the estimated rate was much higher (0.6–1.1 day−1), as was the case of the cockle Cerastoderma
edule (1–3 day−1) [152] and the Chilean surf clam Mesodesma donacium [132]. In the Norwegian and
Portuguese species, the “apparent” depuration rates of PTX2 were higher than those of OA.

The “apparent” depuration rate of PTX2sa in the flat oyster and M. edulis from Norway were
similar to that of PTX2 (0.1 and 0.09 day−1, respectively) [145]. In the two species studied in
Portugal, C. edule depurated at a slower rate (0.38 day−1) and M. galloprovincialis at a similar rate
(1.04 day−1) [152]. In Mesodesma donacium the “apparent” depuration rate showed a decreasing
trend with the degree of biotransformation, ranging from 0.3 day−1 for PTX2 to 0.2 day−1 for
palmytoyl-PTX2sa, with an intermediate value of 0.23 day−1 for PTX2sa [132].

8. Accumulation Kinetics and Modeling

Different models have been used to describe the accumulation kinetics of lipophilic and
hydrophilic toxins [185]. For toxin acquisition, the simplest approach assumes a constant feeding rate
(K), and a toxin uptake that depends on the feeding rate, the toxin content of the water (TCW), and the
absorption efficiency

dTox/dt = K · TCW · (AE) (1)

where TCW can be computed by multiplying the toxic cell concentration in water (Cellwater) by the
toxin content per cell (Toxcell)

dTox/dt = K · Cellwater · Toxcell · AE (2)

When, after entering the digestive gland, toxins are distributed to other organs or tissues,
a multicompartment (usually a two-compartment) model could be used, where the main compartment
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(compartment 1) acquires the toxin and then it loses a part to the second compartment. In such a case,
losses are usually assumed to be proportional to the amount or concentration of toxin

dTox1/dt = K · Cellwater · Toxcell · AE − TR1-2·Tox1 (3)

dTox2/dt = + TR1-2·Tox1 (4)

where subindices refer to the compartment and TR is the Transfer Rate between compartments.
When large differences are found in cell concentration in the water, then it might be necessary

to express AE (absorption efficiency) as a function of the available cell (or particle) volume which
determines the gut passage time (GPT), and consequently the AE, and even to express the feeding rate
K as a function of the cell or seston concentration (see Sections 2 and 3).

When several toxins or toxin derivatives are present, including biotransformations in the kinetic
models is mandatory. For example, if diol-esters or sulphated OA or DTXs derivatives (okadaates)
are present in Dinophysis cells, the free toxins are going to be released and the time course of their
abundance cannot be correctly described without transformations. This could explain the anomalies
in the accumulation kinetics found by Svensson [186]. Fernández et al. [114] and Moroño et al. [44]
included the transformation of these kinds of toxins into free forms, thus improving the model fitting
and obtaining what appears to be more realistic estimates of different rates in the model. In OA and
Okadaates, the equations would be:

dOA = K · Cellwater · OAcell · AE + HR · Okadaates (5)

dOkadaates/dt = K · Cellwater · Okadaatescell · AE − HR · Okadaates (6)

where OAcell and Okadaatescell are the concentrations of OA and Okadaates in the cells, and HR is the
rate of hydrolysis of Okadaates into OA.

Needless to say, several toxins, derivatives, and compartments could be included.
After the first steps of toxin acquisition, toxin losses due to depuration and/or metabolic

transformations of the compounds start to be quantitatively important and should be included in
the models. Both biotransformations (formation of 7-O-acyl derivatives (“DTX3”), for example) and
depuration are usually assumed to be dependent on the amount (or concentration) of the accumulated
toxin. The system of Equations (5) and (6) should be modified to include these two components.
Assuming that only 7-O-acyl esters are eliminated, the equation system would be the following:

dOA = K · Cellwater · OAcell · AE + HR · Okadaates − AR · OA (7)

dOkadaates/dt = K · Cellwater · Okadaatescell · AE − HR · Okadaates (8)

dDTX3 = + AR · OA − DR · DTX3 (9)

where DR is the depuration rate of “DTX3”.
It is clearly necessary to know the toxin forms that are depurated to correctly formulate a model.

In the toxins of the OA group, the 7-O-acyl esters appear to be the main toxin form that is depurated,
but in the case of pectenotoxins no information is available. Noticeable differences in the kinetics could
derive from the routes modeled, as can be observed in some examples in Figure 10.

In the initial steps of depuration, when the undigested toxin stored in the digestive system is
quantitatively important, it could be necessary to include an additional compartment and reformulate
the models to fit its kinetics. Some possible approaches have been suggested (for particulate matter) by
Penry [187].

The build-up of biomass can also be included in the models, thus allowing in this way to describe
and predict the allometric changes during the time-course of toxin accumulation.
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Figure 10. Models of the kinetics of OA and “DTX3” (A–D), the previous ones plus “DTX5” (E),
and PTX2, PTX2sa and its esters (F,G), after 40 days of intoxication (with constant cell abundance in
the environment) and 80 days of depuration. The blue line represents total toxin, black is “DTX5” or
PTX2, green shows OA or PTX2sa and red, DTX3 or PTX2sa esters. Kinetics with high acylation rate
(=0.3 day−1) with only DTX3 depuration (A), and with OA and DTX3 depuration at the same rate (B).
Kinetics with low acylation rate (0.05 day-1) with only DTX3 depuration (C), and with OA and DTX3
depuration at the same rate as in A and B (D). Same as C with input of OA and “DTX5” (50%) (E).
With depuration of the three forms of PTX2 (F) and with depuration of only PTX2sa esters (G).

Recently, a DEB (Dynamic Energy Budgets) model was developed for PSP toxins in the Pacific
oyster [188]. Models of this kind include the main metabolic processes of bivalves (including spawning)
and would be especially useful when long-term simulations are needed.

9. Perspectives

Many areas still need considerable efforts to gather the knowledge that would facilitate the
understanding and prediction of the accumulation of toxins produced by Dinophysis in bivalve
molluscs. When dealing with toxin acquisition, it is necessary to evaluate the effects of Dinophysis
populations on filtration and on the efficiencies of pre- and post-ingestive selection, as well as the
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precise mechanism involved in the toxin uptake by the bivalve cells. The mechanisms of depuration
for the different toxins, and their interconnection with biotransformation, should also be studied in
depth. The use of transcriptomic methodology is promising, but currently, the complexity of the results
obtained, together with the lack of knowledge of the precise functions of proteins with or without
mammal homologues, makes it difficult to obtain solid and interpretable results. Linking molluscan
genes (especially those that codify for membrane transporters) to their actual function would lead
to a considerable advance in the elucidation of the depuration mechanisms. It is also important to
know which forms of the toxins are eliminated from the bivalves, since they condition not only the
possible depuration mechanisms, but also the correct kinetics that should be modeled to obtain a good
prediction capability.

In addition to allowing for the development of more precise predictive models, a good knowledge
of the mechanisms involved in the accumulation of toxins from Dinophysis, would make it easier to
develop genetic selection programs, to obtain bivalves with a reduced ability to acquire toxins or
with an increased ability to eliminate them. It would also allow development of effective depuration
treatments for bivalve species with high commercial value.
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