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ARTICLE INFO ABSTRACT

Edited by Christopher J. Gobler Epibenthic dinoflagellates occur globally and include many toxin-producing species of concern to human health
and benthic ecosystem function. Such benthic harmful algal blooms (BHABs) have been well described from
tropical and sub-tropical coastal environments, but assessments from north temperate waters, e.g., northern
Europe, and polar regions are scarce. The present study addressed the biodiversity and distribution of potentially
toxic epibenthic dinoflagellate populations along the west coast of Sweden (Kattegat-Skagerrak) by morpho-
logical and molecular criteria. Morphological analysis conducted by light- and electron-microscopy was then
linked by DNA barcoding of the V4 region of 18S rRNA gene sequences to interpret taxonomic and phylogenetic
relationships. The presence of two potentially toxigenic epibenthic dinoflagellates, Prorocentrum lima (Ehren-
berg) F.Stein and Coolia monotis Meunier was confirmed, along with a description of their spatial and temporal
distribution. For P. lima, one third of the cell abundance values exceeded official alarm thresholds for potentially
toxic BHAB events (>1000 cells gr ! of macroalgae fresh weight). The same species were recorded consecutively
for two summers, but without significant temporal variation in cell densities. SEM analyses confirmed the
presence of other benthic Prorocentrum species: P. fukuyoi complex, P. cf. foraminosum and P. cf. hoffmannianum.
Analyses of the V4 region of the 18S rRNA gene also indicated the presence P. compressum, P. hoffmannianum, P.
foraminosum, P. fukuyoi, and P. nanum. These findings provide the first biogeographical evidence of toxigenic
benthic dinoflagellates along the west coast of Sweden, in the absence of ongoing monitoring to include epi-
benthic dinoflagellates. Harmful events due to the presence of Coolia at shellfish aquaculture sites along the
Kattegat-Skagerrak are likely to be rather marginal because C. monotis is not known to be toxigenic. In any case,
as a preliminary assessment, the results highlight the risk of diarrhetic shellfish poisoning (DSP) events caused by
P. lima, which may affect the development and sustainability of shellfish aquaculture in the region.
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phenomenon, and dense cell aggregations of these species are now
considered a serious threat to benthic marine ecosystems, human health

1. Introduction

Epibenthic dinoflagellates (EDs) are found primarily along sheltered
coasts and attached to a wide range of substrates such as macroalgae,
seagrasses, floating detritus or sediment surfaces (Gorbi et al., 2013;
Hoppenrath et al., 2014; Duran-Riveroll et al., 2019). Over the past few
decades, proliferation of toxigenic EDs has become an emergent

and seafood industries, particularly for coastal communities (Wells
et al., 2015; Berdalet et al., 2016; Vila et al., 2016; Duran-Riveroll et al.,
2019). Benthic species do not form classic harmful algal blooms (HABs)
like planktonic microalgae, but excessive growth of toxigenic EDs upon
benthic substrates may contribute to formation of so-called Benthic

Abbreviations: ED, Epibenthic dinoflagellate; HAB, Harmful Algal Blooms; BHAB, Benthic Harmful Algal Blooms; DSP, Diarrhetic Shellfish Poisoning; ASVs,
Amplicon Sequence Variant; DCA, Detrended Correspondence Analysis; PCR, Polymerase chain reaction.
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Harmful Algal Blooms (BHABs). Toxins accumulated directly from these
substrates or after tychoplanktonic release of cells to the surrounding
water column can be transferred along marine food chains. When
sequestered in shellfish and finfish, these toxins become vectors of
human toxicity syndromes, such as diarrhetic shellfish poisoning (DSP)
or ciguatera fish poisoning (CFP) when contaminated seafood is
consumed (Yasumoto et al., 1987; Toda et al., 2012; Berdalet et al.,
2016).

There is a generally high awareness of toxic epibenthic di-
noflagellates and associated toxin syndromes in tropical and sub-
tropical coastal regions (Duran-Riveroll et al., 2019), where many
cases of seafood poisoning are registered annually. Risk assessments in
other parts of the world, however, are scarce. Along northern European
coasts, for example, the paucity of confirmed human toxicity cases
related to BHABs has led to low public awareness of risk and to regu-
latory laxness in monitoring potentially toxigenic benthic microalgae.
Nevertheless, over the past two decades, the diversity and harmfulness
of EDs in temperate seas have attracted increasing interest of the sci-
entific community (Berdalet et al., 2016; Berdalet et al., 2017). Unex-
pected blooms and shifts in biogeographical distribution patterns for
species previously considered tropical or sub-tropical, such as Gam-
bierdiscus spp. found in the northeast Atlantic (Fraga et al., 2011; Hop-
penrath et al., 2019) and along extensive Japanese coasts (Nishimura
et al., 2013), are evidence of potential spreading phenomena. Further-
more, recent reports of Ostreopsis spp. along Japanese coasts (Parson
et al., 2012), in the Mediterranean Sea (Penna et al., 2005; Blanfuné
etal., 2015; Accoroni et al., 2016), and in Australia (Verma et al., 2016),
tend to link ED biodiversity and abundance with environmental changes
occurring worldwide.

Establishing a knowledge base on biogeographical distribution and
abundance with time-series data on variation in ED trends poses a great
challenge for temperate coastal waters, especially where historical data
on species is limited and taxonomically selective. As pointed out by
Giussani et al. (2017) intensive monitoring efforts for some genera such
as Ostreopsis Johs.Schmidt, and the pan-tropical and subtropical asso-
ciation of Gambierdiscus R.Adachi and Y.Fukuyo, andFukuyoa Gémez, D.
X.Qiu, R.M.Lopes and Senjie Lin with ciguatera fish poisoning (CFP) has
generated concerted scientific and public health interest. Most other
recognized potentially toxigenic BHAB genera, e.g., of Prorocentrum
Ehrenberg, Coolia A.Meunier, Amphidinium Claperede and Lachmann,
etc. have received less scientific attention because they have caused few
known incidences of toxin accumulation above regulatory limits or
seafood poisoning. With possible exception of P. lima (Ehrenberg) F.
Stein, none of these species are confirmed to cause cases of seafood
poisoning.

Despite numerous alternative published sampling procedures for
investigating EDs (see GEOHAB, 2012; Tester et al., 2014; Jauzein et al.,
2016), there is no formal standardized approach that comprehensively
addresses the study of all BHAB species. Molecular approaches based
primarily on rRNA sequencing and quantitative polymerase chain re-
action (qPCR; Penna et al., 2005; Nagahama et al, 2011) have
contributed to resolution of taxonomic issues and cryptic species, as well
as determining phylogenetic relationships, for many EDs (Duran-Rive-
roll et al., 2019). Nevertheless, field studies and monitoring programs
for BHABs are still based primarily on microscopic analysis of mor-
photaxonomic characteristics (e.g., as illustrated in Hoppenrath et al.,
2014), albeit with increasing supporting evidence from molecular
analysis.

Evaluating the potential toxicity risks and magnitude of global
distributional changes among EDs requires extensive coverage of these
knowledge gaps and the extension of studies to geographical areas not
previously investigated, or poorly surveyed, e.g., temperate and high-
latitude coastal seas. Such regions may already be affected by BHAB
events to some extent, but confirmation of the abundance and distri-
bution of EDs is essential to enhance formal monitoring programs and
facilitate the evaluation of potential risks for the aquaculture industry.
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In most north European countriesthere are no ongoing monitoring
programs for assessing ED abundance. Harmful microalgal sampling
strategies only focus on the planktonic community; sediments and
macroalgal samples for EDs are rarely collected.

These gaps in the biogeographical distribution of EDs encouraged the
present survey, which according to the authors’ knowledge, is the first
such study of EDs in coastal waters of Sweden. This research had two
principal aims: (i) to provide insights into the spatial and temporal
distribution of EDs for preliminary toxin risk assessment at selected sites
on the west coast of Sweden, focusing on potentially toxic species that
may affect shellfish aquaculture, and (ii) to determine the effectiveness
of two ED monitoring strategies, comparing natural macrophyte sam-
pling (Hansen et al., 2001; Okolodkov et al., 2007; Reguera et al., 2016)
with the artificial substrate method (Tester et al., 2014).

2. Material and methods
2.1. Field collection

The collection of samples was conducted in two sampling campaigns
for two consecutive summers (2018-2019). The dinoflagellate samples
and associated spatial distribution and environmental data were
collected in late summer (August-September 2018) from three locations
at the Swedish west coast: Gothenburg (GOT), Tjarno (TJA) and Kristi-
neberg (KRIS) (Fig. 1). Inside each coastal embayment, three randomly
chosen stations were sampled in a single campaign over two days
(Table 1). During the following summer (June — September 2020),
sampling and field data collection was restricted to Hovasbadet Bay near
Gothenburg, where samples were collected twice a month but not at
defined stations.

Both summer campaigns followed the general protocols and guide-
lines for the study of benthic microalgae (Moreira and Tester, 2016),
with modifications as specified below. The ambient seawater parameters
salinity and temperature (°C) were measured with a multiparameter
probe (YSI Inc., 30 M/25 FT, Yellow Springs, OH 45,387 USA). GPS
coordinates were also recorded for each site.

2.1.1. Macrophyte sampling and dinoflagellate cell preparation
Macrophyte sampling in both 2018 and 2019 campaigns followed
previously established methods for epibenthic dinoflagellates (Hansen
et al., 2001; Okolodkov et al., 2007). Macroalgal samples (n = 5 per
station) of the rhodophytes Ceramium spp. and Polysiphonia spp. were
collected at < 1 m depth and placed with the ambient surrounding
seawater in 250 mL plastic jars. On the same day, each plastic jar was
vigorously shaken (1 min) to suspend epiphytic dinoflagellates in the
seawater, and macroalgae were weighed after separation. The seawater
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Fig. 1. Sampling locations along the Swedish west coast. In the left map the
rectangle indicates the area shown in the detailed map to the right. The 2018
campaign included three major sites, Tjarno (TJA), Kristineberg (KRIS) and
Gothenburg (GOT), whereas the 2019 sampling was exclusively from Hov-
&sbadet Bay (HOV).
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Table 1
Description of the sampling campaigns performed in 2018 and 2019.
Location Date Station Coordinates Macrophytes selected Location Typology
Latitude N Longitude E
Gothenburg 20-21 57°33.775' 11°54.963’ Ceramium spp., Polysiphonia spp. Natural rocky shore,
Aug 2018 57°33.339 11°53.038’ Polysiphonia spp. shallow and sheltered
57°33.539' 11°54.475 Polysiphonia spp.
Tjarno 28-29 58°52.133 11° 09.222 Polysiphonia spp. Natural rocky/sandy shore,
Aug 2018 58°52.217’ 11°09.131' Ceramium spp., Polysiphonia spp. shallow and sheltered
58°52.016' 11°08.321' Ceramium spp., Polysiphonia spp.
Kristineberg 89 58°14.902 11°27.074' Ceramium spp. Modified rocky/muddy shore, with some seagrass beds and sheltered
Sep 2018 58°14.867' 11°26.760 Ceramium spp., Sphacelaria spp.
58°14.868’ 11°27.301’ Ceramium spp., Polysiphonia spp.
Hovéasbadet 24 June — 58°37.081" 11°55.340 Polysiphonia spp. Rocky shore and sheltered
25 Sep
2019

volume was measured, and the suspension gravity-filtered through two
nested nylon sieves: 200 um (top) and 20 um (bottom). The cells retained
were collected by backwashing with filtered seawater into 50 mL Falcon
conical plastic centrifuge tubes. The final volume (50 mL) was divided
into two subsamples; one was preserved with neutral Lugol’s iodine
solution for morphological analysis and cell enumeration by micro-
scopy, whereas the second subsample was prepared for DNA
metabarcoding.

2.1.2. Artificial substrate sampling and dinoflagellate cell preparation

The artificial substrate (AS) sampling method (Tester et al., 2014)
was only deployed during the 2018 sampling campaign. Each device
(Fig. 2) consisted of four rectangular pieces of plastic screen (21.0 £ 1.5
cm x 3 cm) attached to a rigid frame (27.5 cm x 27.5 cm). The mesh size
of the screen was 1.5 mm x 1.5 mm. The frame was connected by a rope
to a weight and a subsurface float to keep the device vertical in the water
column. Three devices were placed separately at each site for 24 h,
suspended at a depth of <1 m below surface. Afterwards, each screen
piece was collected underwater and transferred to a 250 mL plastic jar.
The preparation procedure was identical to that for macrophyte samples
(2.1.1), with subsampling for DNA metabarcoding and quantitative cell
analysis by microscopy.

2.2. Quantitative analyses of spatial and temporal distribution of
epibenthic dinoflagellates

Lugol’s iodine-fixed subsamples (20-25 mL) were prepared for ED
cell counting and preliminary identification in Utermohl sedimentation
chambers (Utermohl, 1958) and examined with an inverted microscope
(Carl Zeiss AB, Axiovert 200, Gottingen Germany) fitted with an epi-
fluorescence module. Thecae of dinoflagellate cells were stained ac-
cording to the calcofluor method (Fritz and Triemer, 1985) with
fluorescent brightener 28 (Sigma-Aldrich F3543, St Louis, Mo, USA) for

more critical taxonomic analysis by epifluorescence microscopy (exci-
tation: 300-395, centered at 365 nm, Beam Splitter: 395 nm, emission:
Long Pass 420 nm) at magnifications 100, 200 and 400x. Cell enumer-
ation followed the guidelines by Olenina et al. (2006) and in the refer-
ence manual for HELCOM (Anonymous, 2017), with application of
counting software (Plankton Toolbox, v1.3.1; Karlson et al., 2015,
available at http://nordicmicroalgae.org/tools). The cell abundance of
each species was defined as the number of cells per unit of fresh weight
of macroalgae (cells g~! of FW MA) or per unit of artificial substrate area
(cells cm™2 of AS).

The final cell abundance of each ED species per sample was calcu-
lated by the following equations (Moreira and Tester, 2016):

Cell abundance in macroalgae samples(species cells/g of FW MA) =

cells counted subsample volume(mL)

volume counted (mL) " filtered volume (mL)

initial sample volume (mL)
fresh weight of macroalgae (g of FW MA)

Cell abundance in artificial substrate samples(species cells / cm? afAS) =

cells counted subsample volume(mL)

volume counted (mL) ~ filtered volume (mL)

initial sample volume (mL)
surface area of AS (cm? )

2.3. Scanning electron microscopy of epibenthic dinoflagellates

Species identification was confirmed by scanning electron micro-
scopy (SEM). Each subsample containing EDs from artificial and natural
substrates was filtered under low vacuum pressure (< 5 cm Hg) through

Fig. 2. Photograph of the artificial substrate (AS) sampling device used in part of this study, shown connected with a weight and float. .
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a 5 um pore-size filter (MF-Millipore™, SMWP04700). Filtered cells
were rinsed twice with distilled water and subsequently dehydrated
through a graded ethanol concentration series (30, 50, 70, 85, 90, 100%;
10 min each), followed by drying with hexamethyldisilazane at room
temperature. Dry samples were mounted on an SEM stub and sputter-
coated with gold-palladium (SCD 050 Bal-Tec). Cells were observed
under a Tescan VEGA3 electron microscope (Elekronen-Optik-Service
GmbH, Dortmund, Germany) at 15 kV.

Terminology of Prorocentrum cell orientation, designation of thecal
plates and platelets, and ornamentation follows Hoppenrath et al.
(2013), but includes some additions and modifications as suggested by
Tillmann et al. (2019).

2.4. rRNA gene metabarcoding of epibenthic dinoflagellates

Subsamples containing ED cells harvested from natural macrophytes
and artificial substrates were filtered upon 3 um pore-size polycarbonate
membrane filters (MF-Millipore™, SSWP04700). The filtered aggregate
was detached by vortex-mixing in 700 pL prewarmed (60 °C) lysis Buffer
SL1 from the NucleoSpin Soil kit (Machery-Nagel, Diiren, Germany).
Each sample was stored in a cryovial at -80 °C until DNA extraction.

2.4.1. DNA extraction and sequencing

DNA extraction was performed with the NucleoSpin Soil kit
(Macherey-Nagel, Germany) in SL1 buffer according to the manufac-
turer’s protocol. The 18S rRNA gene V4 region was targeted for ampli-
fication using forward and reverse primers (Bradley et al., 2016) with
overhang adapters attached. The Illumina overhang nucleotide se-
quences were added to the 18S amplicon PCR forward and reverse
primer. The workflow for preparation of 18S ribosomal RNA gene
amplicons for the Illumina MiSeq system was derived from the docu-
ment 16S metagenomic sequencing library preparation distributed by
Mlumina (https://support.illumina.com/content/dam/illumina-su
pport/documents/documentation/chemistry_documentation/16s/
16s-metagenomic-library-prep-guide-15044223-b.pdf) with modifica-
tions for preparation of 18S ribosomal gene amplicons. Paired end
[lumina sequencing (MSC 2.5.0.5/RTA 1.18.54, 2 x 300 bp) of 152
benthic plankton samples was performed on a MiSeq platform (Illumina,
United States). Raw reads have been deposited in the European Nucle-
otide Archive via the GFBio portal.

2.4.2. Bioinformatic and statistical analysis

2.4.2.1. Processing of amplicon sequence data. The sequence data were
processed with the DADA2 algorithm for detecting the inference of the
amplicon sequence variants (ASVs) in a sample from the library of noisy
reads generated by amplicon sequencing (Rosen et al., 2012; Callahan
et al., 2016) as described in Elferink et al. (2020).

2.4.2.2. Phylogenetic analyses. A reference alignment was created for
the phylogenetic analysis of the ASV reads. A set of 18S rDNA sequences
was downloaded from DinoRef (https://doi.org/10.6084/m9.figshar
€.5568454) and NCBI (https://www.ncbi.nlm.nih.gov/genbank/), rep-
resenting most of the known published diversity sequences of the di-
noflagellates Prorocentrum and Coolia. The sequences were aligned with
MAFFT and the L-INSI settings and calculated with RAXML (v8.2.12)
with the GTRGAMMA model and 1000 Bootstrap analyses. This tree
served as a reference for the phylogenetic assignment of the ASV se-
quences to Prorocentrum (20,292 reads) or Coolia (27,143 reads). The
ASV sequences were inserted as Fasta files into the alignment with
MAFFT and the "—add fragments —reorder" option in the second step.
Subsequently, a Maximum Likelihood phylogenetic tree was generated
in the RAXML program (v8.2.12) with 1000 bootstrap replications.
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2.5. Statistical analyses of spatio-temporal distribution and ASV data

A nested one-way analysis of variance (ANOVA) followed by a
multiple comparisons Student Newman-Keuls (SNK) test were employed
to detect differences in the spatial distribution of epibenthic dinofla-
gellate species. A value of 1 was added to every measurement prior to
log transformation - a necessary step since some values = 0. Statistical
tests were performed with the R software and the packages “outliers”,
“nlme” and “agricolae”. Cell abundances of epibenthic dinoflagellate
species collected with the alternative sampling macrophyte and artificial
substrate were compared by linear regression analysis (Microsoft Excel,
v16.16.1) of the log-transformed abundances from the data recorded
from the same stations in summer 2018, following methods from Tester
et al. (2014). Again, a value of 1 was added to all cell abundances. The
temporal distribution of epibenthic species was analysed from samples
collected at Hovasbadet Bay in 2019. Since the sampling design was not
nested, the statistical analyses consisted of a one-way ANOVA followed
by a multiple comparisons Student Newman-Keuls test (Microsoft Excel,
v16.16.1).

3. Results
3.1. Species identification

Examination by light-, epifluorescence- and scanning electron mi-
croscopy revealed the presence of several known ED species upon both
macrophyte and artificial substrates. The most abundant and frequently
found EDs were referable to Prorocentrum lima (Ehrenberg) F.Stein and
Coolia monotis Meunier, but other potentially toxigenic Prorocentrum
taxa, including P. compressum (Bailey) T.H.Abé ex J.D.Dodge (not truly
epibenthic), P. fukuyoi complex, P. cf. foraminosum and P. cf. hoffman-
nianum, were also identified.

Prorocentrum lima cells (n = 20) were ovoid, 32-50 ym long and
20-28 um deep, with smooth thecal plates with scattered large pores
(center devoid of pores) and a row of marginal pores (Fig 3A-C). On the
right lateral thecal plate, a wide V-shaped periflagellar area was
observed (Fig 3A, B). Platelets were not investigated in detail, but
platelet lists were visible in right thecal view (Fig 3A, B). A collar was
not obvious. A golden-brown chloroplast with a central pyrenoid was
visible in the light microscope.

Coolia monotis cells (n = 20) were globular to lens-shaped, slightly
anterior-posteriorly compressed, with an oblique axis, 30-50 ym of
dorsoventral depth, and 24-40 um wide. The thecal surface was smooth,
covered with scattered round to oval pores (Fig. 4) of a wide size range
(0.15-0.43 ym in diameter, n = 20). The epitheca was slightly smaller
than the hypotheca. The observed tabulation in Kofoidian notation was:
APC 3' 7" ?2¢ ?s 5" 2""" (Fig. 4); with an apical pore plate (Po) about 6 to
8 um in length (Fig. 4D); with a narrow, oblong first apical plate (1, Figs
4A-C, H) left of the center; a small seventh precingular plate (7", Figs 4A-
C, G, H); and the second postcingular plate (2") not in contact with the
second antapical plate (2"""), such that plates 3" and 1”"”” were touching
(Figs 4E, F, large arrow).

A third species P. compressum was also abundant in macrophyte and
artificial substrate samples. The cells were broadly round-ovate with
two spine-like extensions (Figs 3D-H) that were also visible in the light
microscope, 35-50 um in length and 25-30 pym in depth (n = 20). The
two lateral thecal plates had a reticulate-foveate ornamentation with
pores in and between the depressions (Figs 3D, E). The marginal area of
the posterior plate part was nearly smooth with scattered pores and a
characteristic cluster of densely arranged pores at the antapical end
(Figs 3D, F, H). Some of the (likely nine) platelets in the nearly straight
periflagellar area (very narrow excavation) were observed (Fig. 3G),
platelets 1, 3, 4, 5, 6a, 6b. Platelets 1 and 4 possessed spine-like wings
(Fig. 3G).

SEM analyses confirmed the presence of other benthic Prorocentrum
species: P. fukuyoi Murray and Nagahama complex, P. cf. foraminosum
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M.A.Faust and P. cf. hoffmannianum M.A.Faust emend S.Fraga (supple-
mentary material, Fig. S1). These species were not included in the
quantitative analysis because they occurred only sporadically and in low
cell abundance.

3.2. Spatial distribution of ED species along the Swedish west coast

The comparison among ED species between settlement upon mac-
roalgal versus artificial substrates collected in summer 2018 at Goth-
enburg, Kristineberg, and Tjarno stations yielded no significant
differences. Linear regression analyses showed an absence of significant
correlation (p > 0.05) between the abundance of P. lima, C. monotis and
P. compressum cells for the alternative sampling methods. This result was
confirmed again by the pooled data, which revealed no discernible
patterns between the average cell abundances upon macroalgal and
artificial substrates among locations. In general, the artificial substrates
retained only very low cell densities; in some cases ED species were
absent.

3.2.1. Quantitative species distribution upon macrophytes
Three major potentially toxigenic species were found at every loca-
tion studied and during both sampling campaigns (2018 and 2019;
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Fig. 3. SEM micrographs of Prorocentrum lima
(A-C) and Prorocentrum compressum (D-H) cells
from field samples. A, B) P. lima cells in right
lateral view; note the ovoid cell shape, the pore
pattern and the wide V-shaped periflagellar
area; C) P. lima cells in left lateral view; note the
ovoid cell shape and the pore pattern; D, E)
P. compressum cells in left lateral view; note the
ornamentation and pores, and the apical spine-
like wings; F) P. compressum in posterior dorsal
or ventral view showing the intercalary band
and sagittal suture; note the smooth posterior
thecal surface with pore cluster; G) Periflagellar
area in right lateral view showing some plate-
lets, especially the spine-like wings on platelets
1 and 4. H) Antapical to lateral view showing
the smooth posterior thecal surface with
antapical pore cluster. Scale bars = 10 pm,
except for G = 2 um.

Fig. 5; Table 2). The cell abundances of P. lima and C. monotis in
macrophyte samples did not vary significantly (ANOVA, SNK-test,
p>0.05; n = 15 per station) among the three locations sampled at the
west coast. In contrast, cell abundance of P. compressum at Tjarno
differed significantly from the other locations (p<0.05), by the near
absence of this species at Tjarno (Fig. 5). Within each site, there were
significant variations (p<0.05) in cell abundances of the three species.
The highest cell abundances for P. lima and C. monotis were recorded
from Tjarn6, 1766 and 805 cells g™! fresh weight (FW) of macroalgae,
respectively. For P. compressum, the highest abundance was observed at
Gothenburg with 168 cells g™ FW of macroalgae (Table 2). No signifi-
cant correlation was found between the ED cell number variability and
the macroalgal genus as substrate.

3.2.2. Quantitative species distribution upon artificial substrates

Due to the high heterogeneity of variances for C. monotis and P. lima
cell abundances among AS samples, a p-value threshold of 0.001 was
selected to fit the parametric requirements of the statistical test. A less
stringent p-value threshold of 0.05 was applied for analysis of
P. compressum cell abundance data collected with the artificial substrate
method.

The cell abundances of P. compressum (p<0.05) and C. monotis
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(p<0.001) showed significant variation between locations (summarized
in Fig. 6). The absence of P. compressum cells at Tjarno reveals this high
heterogeneity between locations, as was pointed out for the macroalgal
samples (Table 2). For P. lima, no significant variation in its cell abun-
dance was found between locations (p>0.001; p = 0.045, respectively).
Nevertheless, within each location, the cell abundance varied signifi-
cantly for P. compressum (p<0.05) and P. lima (p<0.001). The highest
cell abundances recorded by the surface area of artificial substrate were
for P. lima at Gothenburg, C. monotis at Tjarno and for P. compressum at
Kristineberg (Table 2).

3.3. Temporal distribution of EDs in Hovdsbadet Bay

Cell abundances of P. lima and C. monotis in macroalgal samples
collected at Hovésbadet Bay did not vary significantly during the period
June — September 2019 (Fig. 7.). Even though these species were
consistently present during the whole season, their respective cell
abundances were three orders of magnitude lower than from macroalgal
samples collected in 2018. The highest cell abundances for P. lima and
C. monotis were recorded in July, with 22 and 16 cells g* FW MA,
respectively. Prorocentrum compressum was rarely observed at
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Fig. 4. SEM micrographs of Coolia monotis cells
from field samples. A-C) Apical views of the
epitheca; note the narrow elongated first apical
(1') plate and the small seventh precingular (7”)
plate; D) Detail of the left dorsal part of the
epitheca showing the apical pore complex
(APC) with the apical pore plate (Po) and the
slit-like apical pore. E, F) Antapical view of the
hypotheca; note the suture between first
antapical and third postcingular plate (large
arrow); G,H) Right lateral view showing the
large sixth (6”) and the small seventh (7”)
precingular plate. Scale bars = 10 um, except
D) =5 pum.

Hovasbadet, with just few cells present in samples from June 2019.

During this sampling period, the average surface salinity was 21.3
with a minimum of 18.3 in August and a maximum of 25.8 in July. The
average seawater temperature was 21.3 °C, with a minimum of 14.1 °C in
September and a maximum of 21.6 °C in July.

3.4. Metabarcoding of V4 region 18S rRNA gene

Phylogenetic analyses supported nine species assignments, but with
different degrees of confidence at various taxonomic levels (Fig. 8).
From the total 48 ASVs of Coolia and Prorocentrum, 16 were assigned to
Coolia and 32 to Prorocentrum, respectively. All 13 Coolia ASVs clustered
well- supported with C. monotis. But 13 Prorocentrum ASVs could only be
assigned down to genus level, whereas 19 taxa could be assigned to
species. ASVs clustered well with reference sequences of Prorocentrum
lima and P. hoffmannianum M.A.Faust P. hoffmannianum, represented by
eight ASVs. One ASV was assigned to P. compressum with 10 reads
matching in the metabarcoding samples. The phylogenetic analyses
according to DADA2 with PR2 also indicated the presence of P. levis,
P. foraminosum, P. nanum, P. cordatum and P. fukuyoi with good to
moderate bootstrap table (BT) support.
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Fig. 5. Spatial distribution of epibenthic dinoflagellates on macroalgae (2018).
Log- transformed abundances of cells from macroalgae for P. lima, P. com-
pressum and C. monotis collected at Gothenburg (GOT), Kristineberg (KRIS) and
Tjarné (TJA-) stations. Each black circle represents the value of an individual
sample. The ends of the boxwhiskers represent the maximum and minimum of
the log cell abundances from that location.

The presence of P. leve M.A.Faust, Kibler, Vandersea, Tester and
Litaker, P. foraminosum M.A.Faust, P. nanum J.Schiller, P. cordatum
(Ostenfeld) J.D.Dodge and P. fukuyoi Shauna Murray and Y.Nagahama
was confirmed with good (>85%) to moderate BT support. Thirteen
ASVs fitting within Prorocentrum could not be reliably assigned to any
clade with reference sequences.

The taxonomic classification and absolute number of reads per ASV
in each sample are presented in Table S1. Most of the ASVs could be
assigned to one major microeukaryotic taxonomic rank (superphylum to
subphylum). The remaining ASVs were assigned as unclassified eu-
karyotes. The supergroup Alveolata dominated the benthic communities
in richness and abundance at all sampling stations. Dinoflagellates were
the most abundant phylum within the alveolates, accounting for 71% in
samples collected from macroalgae in 2018 and 90% in 2019. In com-
parison, in samples collected from artificial substrate in 2018 di-
noflagellates represented 53% of the total ASVs and 84% in planktonic
water samples collected in 2019.

The percentage of assignable ASVs of the whole dinoflagellate

Table 2
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community collected from macroalgae samples (MA) in 2018 was 6% for
genus Coolia and 5% for Prorocentrum. In 2019, the ASV percentages for
genera Coolia and Prorocentrum were 6% and 3%, respectively. The ASV
percentage of the genera Coolia and Prorocentrum of the whole dino-
flagellate community collected from artificial substrate (AS) samples in
2018 was 5% and 4%, respectively, whereas in planktonic samples from
2019 no representatives of Coolia and only 2% of Prorocentrum were
detected. Coolia sp. was found at every sampling station, with the overall
most abundant targeted species detected in 2018 at Gothenburg and
Tjarno, both from samples extracted from MA and ASsubstrate. The most
abundant Prorocentrum species was P. lima. At Kristineberg station the
target species richness was more diverse, showing Coolia and P. lima at
nearly equal relative ASV abundance from macroalgae, but both species
only in low relative abundances from artificial substrate. P. foraminosum
was slightly lower in relative abundance, but detected at high relative
abundance from AS.

In 2019 Coolia was the targeted genus with the highest detected

P. compressum C. monotis P. lima
2.04
1.54
q
5
» 1.0
©
o
0.54
°
. |7
°
0.0- - *
T T T N T T T . T T T N
GOT KRIS TJA GOT KRIS TJA GOT KRIS TJA

Fig. 6. Spatial distribution of epibenthic dinoflagellates retained on artificial
substrate (2018). Log-transformed abundances of cells found on artificial sub-
strate (AS) for P. lima, P. compressum and C. monotis collected at Gothenburg
(GOT), Kristineberg (KRIS) and Tjarno (TJA-) stations. Each black circle rep-
resents the value of an individual sample. The ends of the boxwhiskers repre-
sent the maximum and minimum of the log cell abundances from each location.

Cell abundances of P. lima, C. monotis and P. compressum collected from MA (cells g~' FW MA) and ASs cells cm™ AS) from the three sampling stations at Gothenburg,
Tjarno and Kristineberg. The seawater temperature and salinity were recorded during sampling at 1 m depth. The symbol “*” indicates for P. lima which stations

present abundance values above official alarm threshold (> 1000 cells g’1 FW MA).

P. lima C. monotis P. compressum Temp (°C) Salinity (PSU)
Cells g* Cells cm™ Cells g* Cells cm™ Cells g* Cells cm™

Gothenburg 182 - 1112~ 0-33 22 -155 0-2 0-10 0-1 18.6 23.8
50 — 366 0-16 8-47 0-1 2-168 0-1 19.2 23.7
121 - 389 0-1 47 — 209 0-1 4-19 0-1 19.3 23.9

Tjarn6 83 -1521* 12-17 64 — 805 8-22 0-8 0 16.2 29.0
189 - 319 2-8 146 - 326 2-10 0 0 16.2 28.9
410 - 1766* 2-17 170 — 421 1-17 0 0 16.8 29.2

Kristineberg 82-181 0-1 15-36 0-1 5-10 12-14 17.7 26.6
132-539 0-1 73-371 0-1 4-42 10-22 17.6 26.5
245 -724 0-1 114 - 309 0-1 14-18 22 - 34 18.4 26.7
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Fig. 7. Temporal distribution of log-transformed cell abundances found in 2019 for P. lima and C. monotis from macrophyte samples collected at Hové-sbadet Bay,
near Gothenburg. Each black circle represents the value of an individual sample. The ends of the boxwhiskers represent the maximum and minimum of the log cell

abundances from that location.

numbers of reads in macroalgae samples, followed by P. foraminosum
and P. lima (Fig. 9). The planktonic samples showed P. cordatum with
high number of ASV reads and to a lower extent other Prorocentrum, but
which could not be assigned to species level (Fig. 9). Sixty-nine
sequencing reads of the class Dinophyceae could be taxonomically
assigned to genus level. Moreover, 104 reads could be assigned to spe-
cies level, comprising 19 epiphytic species. The Coolia ASVs could only
be assigned to the genus level. The light microscopic analysis docu-
mented only Coolia monotis in the samples. Some Prorocentrum species
could not be assigned to species level and therefore the light microscopic
analysis of Prorocentrum compressum could not be confirmed by
sequencing analysis.

4. Discussion

Benthic microalgae are considered as likely group beneficiaries of
climate change, whereby a warmer ocean and shifts in current patterns
could promote invasive colonization and range expansion into colder
seas. For in situ resident populations, a temperature-dependent increase
in the growth potential and overall cell abundance is also expected for
this dinoflagellate assemblage (Tester et al., 2020), as well as enhanced
substrate availability due to increasing macroalgal and seagrass biomass
and benthic biofouling. For Ostreopsis ovata, for example, an expansion
in distribution due to climate change effects is expected (Drouet et al.,
2021). Nevertheless, the lack of ecophysiological and toxicological field
data for EDs from diverse global habitats complicates evaluation of the
effects of climate change on their toxicity and bloom dynamics
(Duran-Riveroll et al., 2019), and hence assessment of the risk to human
and ecosystem health via climate-mediated global dispersion remains an
open challenge.

This first investigation of the spatial and temporal distribution of EDs
along the west coast of Sweden yielded the presence of several epi-
benthic species, with morphological characteristics conforming
perfectly with recent published morphospecies concepts for the
respective taxa (Nagahama and Fukuyo, 2005; Nagahama et al., 2011;
Laza-Martinez et al., 2011; Hoppenrath et al., 2014; Karafas et al.,
2015). Among these species, P. lima poses the greatest potential risk as a
source of polyether shellfish toxins associated with DSP in Sweden
because of its frequent occurrence in shellfish-growing areas, at rela-
tively high cell abundance, and known consistent toxigenicity. A global
survey of published reports on the toxin composition of EDs

(Duran-Riveroll et al., 2019) indicates that production of DSP toxins
(DSTs) is a ubiquitous characteristic of this species. Although presence
of DSTs in P. lima from Swedish coastal waters has not been confirmed,
these populations are likely to be toxigenic. Prorocentrum compressum is
frequently found in samples from the Swedish west coast but is not
considered to be a toxin producer (Rhodes and Syhre, 1995; Duran-Ri-
veroll et al., 2019). The rarer species P. cf. foraminosum and P. cf. hoff-
mannianum are, however, potentially toxigenic, as producers of
dinophysistoxin-1 (DTX1), other DTXs (Cembella et al., 2021), un-
known “fast-acting toxin” (perhaps prorocentrolide) and okadaic acid
(OA) (Aikman et al., 1993; Kameneva et al., 2015).

In any case, reports of “toxic Prorocentrum species”, especially early
citations of toxicity, type of toxins and species assignments must be
interpreted cautiously. The genus has undergone frequent recent taxo-
nomic revisions, leading to species reassignment of strains previously
analysed for toxin content (Chomerat et al. 2019; Cembella et al., 2021).
Furthermore, early reports of cell toxicity were based on non-specific
bioassays (“DSP-like symptoms”) or fluorescence-derivatization
methods for DSP toxins but capable of detecting only OA and DTX1.

Only a single species of Coolia, C. monotis was found on macroalgae
or artificial substrate sampled over two years at sites on the Kattegat-
Skagerrak coast of Sweden. Some Coolia species are reported as toxi-
genic, but the genus is undergoing frequent taxonomic revisions, i.e.,
with the addition of new possibly toxigenic species C. palmyrensis Kar-
afas, Tomas & York and C. santacroce Karafas, Tomas & York (Karafas
et al., 2015; Karafas and Tomas, 2015). The IOC-UNESCO Taxonomic
Reference List of Harmful MicroAlgae (Lundholm et al., 2009 onwards),
recognizes only C. tropicalis M.A.Faust as a confirmed toxin-producing
Coolia species. The same caveats as applied to “toxic Prorocentrum”
must be considered for Coolia. Certain Amphidinium species, some of
which can also produce biologically active polyketides (“toxins™), may
have been previously misidentified as C. monotis and C. malayensis Leaw,
P.-T.Lim and Usup (Duran-Riveroll et al., 2019). Coolia monotis was
identified as the source of cooliatoxin (likely a monosulfated analog of
yessotoxin) (Holmes et al., 1995, Rhodes and Thomas, 1997), but
Mohammad-Noor et al. (2013) later demonstrated that the original
strain producing cooliatoxin belonged to C. tropicalis, not C. monotis. In
summary, the potential risk to human health and the shellfish produc-
tion industry posed by the presence of Coolia at aquaculture sites in
Sweden is likely to be rather marginal — C. monotis is not known to be
toxigenic. Many studies have failed to detect toxicity in any Coolia
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Fig. 8. Phylogenetic tree displaying the phylogenetic analysis of the ASV reads for a taxonomic assignation to Prorocentrum (20,292 reads) and Coolia (27,143 reads).
A set of 185 rDNA sequences was downloaded from DinoRef and NCBI representing most of the known and published diversity of the dinoflagellates Prorocentrum and
Coolia. The sequences were aligned with MAFFT and the 1-INSI settings and calculated with RAXML and 1000 Boostraps analyses.
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Fig. 9. Target species richness of amplicon sequence variants at the different
sampling stations in 2018 and 2019 extracted from macroalgae (MA) artificial
substrates (AS) and planktonic samples (PL), respectively.

species (Holmes et al., 2014) and no human poisoning cases clearly
linked to Coolia have been reported.

The molecular diagnostic approach was proven effective to identify
and confirm Prorocentrum and Coolia as the two major genera of BHAB
taxa posing a potential toxicity risk to shellfish harvest and human
health on the Swedish west coast. Unfortunately, variation in the 18S
rRNA gene does not offer very high resolution for establishing taxo-
nomic and phylogenetic relationships among Prorocentrum species, such
that some taxa could not be assigned to species in the reference tree.
Exact assignment was, unfortunately, not possible for P. hoffmannianum,
although association with the reference sequences was indicated.
Furthermore, for genus Prorocentrum reliable reference sequences were
not found for all species. For Coolia, there is a similar lack of diversity in
the 18S rRNA gene in the reference data. But beyond these caveats, most
ED ASVs could be assigned to species and were supported at least by the
DADA2 annotation.

Both P. lima and C. monotis were abundant on macroalgae and pre-
sent along the Swedish west coast as surveyed. The cell densities of both
species had a high spatial variability (Fig. 5 and Table 2), which fluc-
tuated greatly over small distances within each location (<10 m). This
condition is noted in previous investigations, where the inherently
patchy distribution of EDs is described (Cohu et al., 2011, 2013; Man-
gialajo et al., 2011; Tester et al., 2014). Apparently arbitrary spatial
distribution of EDs is also dependent upon the composition and
biogeographical density of the macroalgal community. In this study,
Kristineberg presented the lowest cell densities recorded for P. lima and
C. monotis. This location was characterized by a poor coverage and low
diversity of macroalgal substrate, especially, filamentous forms, which
may explain the low ED abundances (Maranda et al., 2007; Armi et al.,
2010; Totti et al., 2010; Fricke et al., 2016).

Despite being considered a planktonic species, P. compressum was
included in the quantitative analyses because of the significantly higher
number of cells of this dinoflagellate compared to other planktonic
species found in MA samples. The possibility that P. compressum cells
were attached to macroalgae suggests the existence of an epiphytic
phase in its life cycle, based on inter- and intra-species interactions (e.g.
competition, mating, and protection against predators). In that case,
P. compressum cells would behave similarly to Ostreopsis spp. which,
independent from hydrodynamic conditions, alters between a plank-
tonic stage and an epiphytic phase attached to different substrates
(Mangialajo et al., 2011; Accoroni et al., 2016; Giussani et al., 2017).
This study does not provide any direct observations of P. compressum
attachment to macroalgae substrate. However, as for certain other
Prorocentrum species, the poor natatorial performance of P. compressum
and the production of mucus may correlate with this transient epiphytic
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As reported by Hoppenrath et al. (2013), the available ecological
data concerning epiphytic Prorocentrum species is limited. Only a few
records have described P. compressum from the plankton, mainly for
taxonomic purposes (Steidinger et al., 1997). It should be noted that
P. compressum has been renamed for nomenclatural reasons and there-
fore the name Prorocentrum bidens J.Schiller should be adopted (Cowan
and Huisman, 2015). As this has not yet widely been recognized, the
more familiar name has been retained herein.

Gaarder (1954) recorded P. compressum (as Exuviaella compressa) and
mentioned that specimens were most often found in twos or fours of cells
embedded in a jelly-mass. Taylor (1976) recorded the species from the
Indian Ocean, Steidinger and Williams (1970) from the Gulf of Mexico,
and Munir et al. (2013) and Gul and Saifullah (2011) from the Arabian
Sea. All of these reports are from warm water habitats and may not be
representative of behavior and life style in temperate waters, such as the
west coast of Sweden. These findings highlight the requirement for
further investigation of the ecology of P. compressum.

This research monitored ED spatial distribution using two novel
sampling methods previously tested for the investigation of epiphytic
microalgae. Consistent with the findings of Parsons et al. (2017), com-
parison of these sampling procedures showed poor relationships and no
conclusive results for the west Swedish coast. The AS did not provide
consistent estimates for the cell abundances of P. lima, C. monotis or
P. compressum on macroalgae. In contrast, the results of Tester et al.
(2014) and Jauzein et al. (2018) both support the efficiency and validity
of the AS cell estimates. Nevertheless, these previous studies were per-
formed in the warm Mediterranean Sea or in tropical/sub-tropical areas
where EDs are extensively studied and high cell density BHABs are
frequent. In such cases, the cell density in the water column tends to be
higher and consequently the number of cells captured by the mesh of the
AS (Mangialajo et al., 2011). This results herein question the deploy-
ment of AS for investigating new locations in the study of EDs or in
environments where their natural cell abundance is moderate to low;
under these circumstances underestimates of the cells attached to
macrophytes are likely. This is consistent with similar statements re-
ported previously (Maranda et al., 2007; Giussani et al., 2017).
Furthermore, until now no studies have validated the effective func-
tioning of the AS technique for monitoring EDs, other than for Ostreopsis
or Gambierdiscus species. Thus, the standardization of sampling methods
for other ED species involves some ongoing controversy. The strictly
“benthic behavior” of some dinoflagellates may affect the precision of
this method (e.g., for P. lima in Giussani et al., 2017 and P. lima and
C. monotis in this paper). However, the “natural” MA collection
approach has negative aspects as well, such as destruction of the mac-
roalgal community or benthos disruption. The difficulty in standardi-
zation and comparison between methods highlights the crucial
requirement to develop and implement appropriate sampling strategies
that allow for valid comparison of results between ED studies (Berdalet
et al., 2016; Giussani et al., 2017).

As mentioned by Levasseur et al. (2003), the temporal abundance of
ED attached to macroalgae displays a strong seasonal pattern. In 2019 at
Hovésbadet, this study observed the same ED species as in 2018 along
the Swedish west coast. Nevertheless, the cell abundances collected for
P. lima and C. monotis were two to three orders of magnitude lower than
the 2018 results. The dinoflagellate P. compressum appeared in few
samples, but was frequently absent. For 2019 summer, intense wind
conditions interrupted the sampling actions between late August and
early September. Due to these storm conditions, this study missed
sampling during a potential late bloom period for P. lima and C. monotis,
such as observed in 2018 data. The degree of vertical mixing caused by
this strong hydrodynamic activity may have disrupted the ED summer
bloom in this year (Simoni et al., 2004; Totti et al., 2010). Even though
this study did not detect significant temporal changes in the cell abun-
dances of EDs throughout the 2019 summer at Hovésbadet, C. monotis
and P. lima cell numbers presented a slight increase during July and
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August.

Monitoring ED in the marine environment is becoming increasingly
critical in locations where shellfish aquaculture is carried out in north-
ern Europe. For Sweden, the culture and consumption of blue mussels
has been an important industry in the Skagerrak area since early 1971
(Ackefors and Haamer, 1987). Toxic syndromes, such as DSP, are one of
the main economic threats for shellfish farms and consumers (Cimi-
niello et al., 2003) and concerning toxin levels are frequently reported in
shellfish from Swedish waters (Rehnstam-Holm and Hernroth, 2005;
Karlson et al., 2007). The risk is especially elevated at mussel farms
settled in natural coastal embayments, where ED resuspension likely
occurs due to disruptive climate-related conditions (e.g., high wind,
waves or tides). For P. lima, a key producer of DSP toxins (Murakami
et al., 1982; Lee et al., 1989; Jackson et al., 1993; Morton and Tindall,
1995; Bouaicha et al., 2001; Hoppenrath et al., 2013), cells are ingested
by suspension-feeders such as bivalve mollusks and some undigested
cells can still remain active and grow after passing through their guts
(Bauder and Cembella, 2000; Bauder et al., 2001).

This study found two potentially toxic ED species, P. lima and
C. monotis, along the Swedish west coast from Gothenburg to the Nor-
wegian border. The maximum abundances observed for P. lima and
C. monotis were 1766 cells g™! and 805 cells g~* FW MA, respectively (at
Tjarno). National food agencies have not defined an official alarm
threshold for Coolia spp. since the toxicity of this genus still is uncertain
(Ben-Gharbia et al., 2016). On the contrary, for P. lima ICES (2015)
noted that certain European countries have adopted thresholds of 100
cells Lt (in Ireland and the UK) or 50 cell L7! (in the Spanish Mediter-
ranean). These cell concentrations represent a level of concern for
possible DSP events, establishing that P. lima abundances above these
limits might cause toxic events. The units used to establish these
thresholds are defined by the sampling method applied, corresponding
in both cases mentioned to water samples. Previous researchers, who
applied the same sampling strategies (MAs), have defined for P. lima an
alarm threshold of 1000 cells g’1 FW (Foden et al., 2005; CEFAS, 2012;
Tester et al., 2014).

In the present study, P. lima exceeded this limit in 5 of 15 samples
collected in Tjarno with MAs (Table 2). This location, as well as other
areas along the west coast of Sweden, has a well-developed shellfish
industry. Several studies agree that shellfish aquaculture provides a
good environment for macroalgae growth and, as a consequence, a
beneficial habitat for epiphytic Prorocentrum spp. (Lawrence et al., 2000;
Bravo et al., 2001; Maranda et al., 2007). Thus, P. lima constitutes at
least a potential risk for phycotoxin contamination of bivalve shellfish in
Sweden with high economic consequences for the aquaculture and
harvest industries.

5. Conclusions

This study has shown that epibenthic dinoflagellates are abundant on
macrophytes along the Swedish west coast. The presence of two
potentially toxigenic epibenthic dinoflagellates, Prorocentrum lima and
Coolia monotis was confirmed along with a description of their spatial
and temporal distribution. A comparison between two sampling
methods, macrophyte sampling and sampling using artificial substrates,
indicates that artificial substrates are unsuitable for quantitative sam-
pling of epibenthic dinoflagellates in this area. Scanning electron mi-
croscopy and metabarcoding of the V4 region of the 18S rRNA gene
revealed a large diversity of benthic dinoflagellates. The presence of the
DSP-toxin producer Prorocentrum lima is a potential risk to human health
and may affect aquaculture negatively since bivalve molluscs may be
contaminated with toxins produced by P. lima.
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