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Diversity of eukaryote plankton
and phycotoxins along the
West Kalaallit Nunaat
(Greenland) coast
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Anette Tillmann2, Daniela Voss3, Oliver Zielinski3,4,
Mónica Vásquez5 and Nicole Trefault1,6,7*
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Environment, University Oldenburg, Oldenburg, Germany, 4Leibniz Institute for Baltic Sea Research,
Warnemuende, Germany, 5Faculty of Biological Sciences, P. Universidad Católica de Chile,
Santiago, Chile, 6Millenium Nucleus in Marine Agronomy of Seaweed Holobionts (MASH), Puerto
Montt, Chile, 7FONDAP Center IDEAL- Dynamics of High Latitude Marine Ecosystem, Valdivia, Chile
The West Kallaallit Nunaat (Greenland) coast, characterized by a variety of fjords,

bays, and channels influenced by glacier melting and Atlantic and Arctic waters, is

one of the most affected ecosystems by climate change. Here, we combine

oceanography, optics, microscopy, high throughput sequencing, microalgal

strain establishments, and state-of-the-art analytical methods to fully

characterize the diversity, community composition, and toxin repertoire of the

eukaryotic plankton members of the coast of the West Kalaallit Nunaat

(Greenland). Results indicate that the West Kalaallit Nunaat (Greenland) coast is

a complex and oceanographically challenging system, where the

superimposition of water masses of different origins, the penetration of light

and its repercussions, generate mainly vertical, rather than horizontal

heterogeneity in nutrient concentration and plankton biomass. Nevertheless,

our molecular data reveal a strong homogeneity and a high diversity in the

plankton community along the Greenland coast. We confirmed the presence of

five phycotoxin groups: domoic acid and paralytic shellfish toxins were most

abundant along the transect from Qeqertarsuup Tunua (Disko Bay) to the

northern Baffin Bay, while spirolides, yessotoxins and pectenotoxins were

predominant in Nuup Kangerlua (GodthaabFjord) and Qeqertarsuup Tunua

(Disko Bay). Concentrations of these phycotoxins correlate differently to

temperature, salinity and nutrients, reflecting the ecological differences of their

producers. Patterns of paralytic shellfish and spirolide toxins suggest the

presence of genetically distinct populations of Alexandrium along the Western

Kalaallit Nunaat (Greenland). Phytoplankton strains isolated during this
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oceanographic campaign resemble, in most cases, the toxin profiles of the

respective field stations. Overall, this work shows the diversity and community

composition of the plankton at the Western Kalaallit Nunaat coast and reveals a

distinct spatial distribution of phycotoxins, with certain toxin groups restricted to

specific areas.
KEYWORDS

Arctic, 18S rRNA gene, high throughput sequencing, plankton diversity, phycotoxin
profiles, climate change, harmful algal blooms, Fjord ecosystems
1 Introduction

In the past 150 years, the Arctic has experienced a two to three

times higher temperature increase than the average global

temperature increase (Wassmann, 2011). This temperature

increase leads to a decreasing ice cover and increasing solar

irradiance, which is expected to influence the survival, life cycles,

and growth of a variety of eukaryotic plankton species (Arrigo et al.,

2017), including those that generate harmful algal blooms (HAB)

associated with toxin production. There is increasing evidence that

HAB are growing both in frequency and extension worldwide, with

fjords and enclosed marine areas experiencing notorious effects and

a broad spectrum of impacts on human activities and the welfare of

marine ecosystems (Berdalet et al., 2015; Gobler, 2020; Hallegraeff

et al., 2021).

Fjord and bay systems in the Arctic are complex and dynamic

marine areas where geographic, atmospheric, and hydrographic

factors closely interact (Rysgaard et al., 2003). Specifically, the

fjords, bays, and channels of Kalaallit Nunaat (Greenland) are

characterized by shallow sills and a strong influence of oceanic

waters from the Atlantic and Arctic waters on the continental

shelves (Straneo and Cenedese, 2015). Besides, their numerous

glaciers, which can be land- or marine-terminating, determine

unique environments with high productivity due to glacier run-

off and recurrent intrusions of freshwater and nutrients (Meire

et al., 2023). These systems are prone areas for HAB; nevertheless,

there is limited knowledge about the diversity of microbial

plankton, including those able to produce toxins and harmful

effects over this threatened ecosystem. Understanding plankton

compositional patterns along the Kalaallit Nunaat (Greenland)

coast, including their fjords, bays, and channels, will undoubtedly

increase our forecasting capacity to see the effects of climate change

related to marine toxins.

Marine toxins are produced by several microbial members of

the eukaryotic plankton and can be broadly classified as hydrophilic

toxins, including paralytic shellfish toxins (PSTs) and domoic acid

(DA), and lipophilic toxins, which include okadaic acid (OA),

dinophysistoxins (DTXs), pectenotoxins (PTXs), yessotoxins

(YTXs), gymnodimines (GYMs), azaspiracids (AZAs), and

spirolides (SPXs). In the Kalaallit Nunaat (Greenland) coast,
02
PSTs, DA, SPXs and YTXs have been detected, and many of their

producers have been identified and isolated (Hansen et al., 2011;

Baggesen et al., 2012; Tillmann et al., 2014; Richlen et al., 2016; Sala-

Pérez et al., 2016; Elferink et al., 2017; Bruhn et al., 2021). A seasonal

survey of toxins and their producers at Qeqertarsuup Tunua (Disko

Bay), a large bay on the western coast of Greenland that constitutes

a wide southeastern inlet of Baffin Bay, showed that dissolved toxins

followed the succession pattern of the particulate fraction with a

delay in time (Bruhn et al., 2021), allocating importance to constant

moni tor ing phycotox ins a long the Kalaa l l i t Nunaat

(Greenland) coast.

Diversity and microbial dynamics in freshwater-influenced

coastal systems at high latitudes are significantly affected by

seasonality. This influence has been widely studied in Kalaalit

Nunaat (Greenland), Chukchi and Beaufort Seas (Sukhanova

et al., 2009), the Fram Strait (Wietz et al., 2021), and the fjords of

Norway (Marquardt et al., 2016). Seasonal patterns of microbial

eukaryote succession along the Kalaallit Nunaat coast have been

also observed, typically characterized by a spring bloom from April

to May, followed by a period of reduced activity or interbloom

period and a subsequent dinoflagellate bloom (Juul-Pedersen et al.,

2015; Krawczyk et al., 2015; Arrigo et al., 2017). Historically,

research on plankton diversity in this area has focused primarily

on larger eukaryotes (>20 μm), particularly diatoms, identified by

light microscopy. This approach has highlighted Thalassiosira,

Fragilariopsis, and Chaetoceros as the predominant genera in this

region, each associated with specific physicochemical conditions in

the water column (Krawczyk et al., 2014). However, because light

microscopy is often insufficient for accurately capturing the full

diversity of smaller phytoplankton, our understanding of the

community composition in the Kalaallit Nunaat (Greenland)

coast and its links to toxin production and oceanographic

conditions remains incomplete.

Previous assessments of protist diversity using molecular

analyses based on high throughput sequencing -or tag

sequencing- have shown an unexpected stability within the rare

biosphere, indicating a potential constant protist reservoir and

dominance of Syndiniales, Micromonas and Phaeocystis within

the abundant biosphere in the central Arctic Ocean (Kilias et al.,

2014). These findings were subsequently confirmed in Fram Strait
frontiersin.org
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and large parts of the Central Arctic Ocean (Nansen Basin,

Amundsen Basin), where it was observed that picoplankton

accounted for most of the chlorophyll-a biomass in this area

(Metfies et al., 2016). At Qeqertarsuup Tunua (Disko Bay) and

Vaigat Strait, a strait that separates Nuussuaq Peninsula in the

northeast from Qeqertarsuaq (Disko) Island in the southwest, tag

sequencing of different plankton size-fractions during the late

summer revealed that the diversity and the effect of

environmental parameters varied both within and among size-

fractions (Elferink et al., 2017). Finally, the combination of tag

sequencing and metatranscriptomic analysis of microeukaryotes

within coastal surface waters of West Greenland and regions from

ice-free Northwest Iceland revealed that changes in temperature

and salinity were more closely correlated with metabolic functions

and community composition (Elferink et al., 2020).

Altogether, these findings show a higher diversity within the

pico- and nanoplankton fraction, which are precisely the size

fractions that are less accessible through microscopy techniques.

However, most of these studies have been restricted to specific areas

or specific size fractions, limiting a comprehensive assessment of

marine microbial eukaryotes across the entire coast of Greenland.

To our knowledge, there are currently no studies that thoroughly

address all plankton size fractions, using both tag sequencing and

microscopy, along with chemical approaches to accurately identify

toxins and the isolation of toxin-producing plankton strains in

West Greenland.

During the boreal summer of 2017, and thanks to the

GreenHAB II (MSM65) cruise onboard the R/V Maria S. Merian,

we comprehensively characterized the microbial eukaryotic
Frontiers in Marine Science 03
plankton along the West Kalallit Nunaat (Greenland) coast

between 64° and 75°N, including the Nuup Kangerlua (Godthaab

Fjord) -the longest fjord on the Labrador Sea- and the Qeqertarsuup

Tunua (Disko Bay). The specific aims of this study were: 1) To

integrate different approaches and analyses to characterize the

diversity, community composition and distribution of microbial

eukaryotic plankton in the unique area of the West Kalaallit Nunaat

(Greenland) coast. 2) Analyze the presence and distribution of

toxins and toxin producers by combining high throughput

sequencing, microscopy, strain establishment, and state-of-the-art

analytical techniques. 3) Characterize the link between plankton

community composition and the oceanographic conditions in this

area, focusing on toxin-producing plankton species.
2 Materials and methods

2.1 Study site, sampling, and
hydrographic observations

Data were collected during the MSM65 cruise from St. John’s,

Canada, to Nuuk, Kalaallit Nunaat (Greenland), between June 25th

and July 19th, 2017, aboard the R/VMaria S. Merian. Besides station

1 at the Labrador Sea, the remaining 49 sampling stations were

grouped into three areas: Nuup Kangerlua (Godthaab Fjord) (area

A: 13 stations), transect (area T: 14 stations), and Qeqertarsuup

Tunua (Disko Bay) (area B: 22 stations) (Figure 1). Nuup Kangerlua

(Godthaab Fjord (64°N) is the most extensive fjord system in

southwest Kalaallit Nunaat (Greenland), connected to the
FIGURE 1

Map of the Arctic and West Kalaallit Nunaat (Greenland) showing the study areas during the MSM65 cruise abroad the R/V Maria S. Merian in 2017.
The sampling stations are indicated by blue circles and labeled with numbers. Area T represents the coastal transect with 14 sampling stations, area
A corresponds to the Nuup Kangerlua (Godthaab Fjord) with 13 stations, and area B encompasses Qeqertarsuup Tunua (Disko Bay) with 22 stations.
The color gradient illustrates different contour lines of water depth.
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Kalaallit Nunaat (Greenland) Ice-Sheet (Mortensen et al., 2011).

Qeqertarsuup Tunua (Disko Bay (70°N) is located at the border of

the high and low Arctic zone part. It is highly influenced by glacier

melting, which generates differences in salinity and temperatures

between the inner and outer bay (Heide-Jørgensen et al., 2007).

At each station, the CTD system used was an SBE 911plus probe

(Sea-Bird Scientific Inc). It was attached to a SBE 32 Carousel Water

Sampler containing 24 x 20-liter Ocean Test Equipment Inc. bottles.

The system was equipped with double temperature (SBE 3) and

conductivity sensors (SBE 4), a pressure sensor (Digiquartz), an

oxygen Optode (Aanderaa Optode 4831F), an altimeter (Benthos),

and a chlorophyll fluorometer combined with a turbidity sensor

(WET Labs ECO_AFL FL). The sensors were pre-calibrated by the

manufacturers. Data were recorded with the Seasave V 7.23.2

software and processed using the Sea-Bird SBE Data Processing.

The ship position was derived from the shipboard GPS linked to the

CTD data. Salinity was quality checked by reference samples

[n=42], measured with an Optimare Precision Salinometer (OPS

S/N 003) four months after the cruise (S1: R² 0.9997, S2: R² 0.9997).
2.2 Aquatic optics

A HyperPro II profiling system (SeaBird Scientific Inc, former

Satlantic) was used to collect hyperspectral underwater light field data

in free-falling mode. The system consists of one hyperspectral

irradiance and one hyperspectral radiance sensor. A second

hyperspectral irradiance sensor was mounted on the research vessel

to match above-water irradiance reference measurements. Profiles were

conducted at each station depending on sea and weather conditions. To

avoid ship shadow, the profiler was deployed at about 50 m away from

the ship. All sensors were pre-calibrated by the manufacturer. Data

were recorded with the SatView software (V 2.9.5_7) and pre-

processed from raw to Level 3a using the ProSoft Processing

software (V 7.7.19_2). Measured data were binned in 1 m depth

intervals. A dark correction was made automatically based on shutter

measurements by the instrument. Post-processing was made following

(Mueller et al., 2003; Organelli et al., 2016). The 1% PAR depth was

determined to compare the penetration depth for each station.
2.3 Onboard sample processing

At each station, 5 L water samples were taken at different photic

zone depths. Samples were grouped into four categories: 2-5 m,

hereafter referred to as surface (S); 10-20 m, hereafter referred to as

above Deep Chlorophyll Maximum (aDCM); 10-40 m, hereafter

referred to as Deep Chlorophyll Maximum (DCM); and 40-60 m,

hereafter referred as below Deep Chlorophyll Maximum (bDCM).

The depth ranges for each category refer to variable depths

depending on the sampling station (for more details, please see

Supplementary Table S1).

Subsamples were size-fractionated through 0.2 (GSWP), 3

(SSWP), and 20 (NY20) mm diameter pore Millipore filters using

Swinnex holder systems (47 mm) and a Cole Parmer 1-100 rpm

peristaltic pump. Plankton samples were taken at every sampling
Frontiers in Marine Science 04
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Subsamples were fixed with Paraformaldehyde for later detailed

microscopy analysis. Flow cytometry samples (1.5 mL) were fixed in

triplicate using Glutaraldehyde (0.25% final concentration) for

general microbial abundance counting. Samples were fixed for 20

min at RT, flash-frozen in liquid nitrogen, and stored at −80°C until

further analysis.

For nutrient analyses, unfiltered water (nitrate, nitrite,

ammonium, phosphate, and silicate) was collected in 50 mL

LDPE bottles and analyzed as described in (Graeve et al., 2018).

To determine chlorophyll-a (Chl-a) concentration, up to 3 L water

was sampled and filtered on glass fiber filters (47 mm diameter, pore

size approx. 0.7 μm; Whatman, UK), pre-washed and rinsed with

0.2 mm filtered seawater. The filters were subsequently frozen and

stored at -80°C on board and were analyzed in the laboratory after

the cruise. Pigment extraction was done in 90% acetone-water

solution with an overnight incubation at 4°C. Extracts were

centrifuged, and the fluorescence of the supernatant was

determined at 665 nm using a pre-calibrated TD–700 laboratory

fluorometer (Turner Designs, San Jose, USA). Chl-a concentration

was calculated according to EPA method 445 (Arar and Collins,

1997). Nutrient data is available with open access: https://doi.org/

10.1594/PANGAEA.887413.
2.4 Flow cytometry

Cell abundances of total bacteria, photosynthetic picoeukaryotes,

photosynthetic nanoeukaryotes, and Cryptophytes were determined

using an Accuri C6 Plus (Becton Dickinson). Light scatter and

fluorescence were normalized by adding 1 and 3 μm fluorescent

beads. For quantification of bacteria, Sybr Green I was used, and

counts were based on side scatter and green fluorescence (530/40 nm).

To identify the phytoplankton groups, we used the 488 nm excitation

laser.We collected the fluorescence at 580/15 nm (orange fluorescence)

as a proxy for phycoerythrin and 670/LP (red fluorescence) as a proxy

for chlorophyll, according to Marie et al., 2005.

Bacterial biomass was calculated assuming that one bacterial cell

contains 20 fg C (Lee and Fuhrman, 1987). Biovolumes were

calculated based on flow cytometry counts. A calibration curve was

constructed using FSC values from 1, 2, 3, and 6 μm beads as follows:

Diameter  =  1, 2325 ln(FSC)  –  11, 642 (1)

Assuming cells were spherical, biovolumes were converted into

a mean carbon cellular quota (QC, calc) according to the QC, calc =

a * Biovolume b relationship and using conversion factors a and b

reported by Menden-Deuer and Lessard, 2000, with a= 0.32, 0.27

and 0.25 for picophytoplankton, nanophytoplankton and

cryptophytes, respectively and b = 0.86.
2.5 DNA extraction

Filters were thawed, and half of the filters were cut into 1 mm2

pieces and incubated in lysis buffer (TE 1x/NaCl 0.15 M) with 10%

SDS and 20 mg mL-1 proteinase K at 37°C for 1 h. DNA was
frontiersin.org
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extracted using 5 M NaCl and hexadecyl-trimethyl-ammonium

bromide (CTAB) extraction buffer (10% CTAB, 0.7% NaCl),

which was incubated at 65°C for 10 min before protein removal

using a conventional phenol-chloroform method. DNA was

precipitated using ethanol at -20°C for 1 h and resuspended in 50

μL deionized water (Milli-Q, Millipore). DNA integrity was

evaluated by agarose gel electrophoresis and quantified using a

fluorometric assay (Qubit 2.0 fluorometer).
2.6 Amplicon sequencing and
bioinformatic analyses

The 18S rRNA gene was amplified and sequenced using the

eukaryote-specific primers E572F (CYGCGGTAATTCCAGCTC)

and E1009R (AYGGTATCTRATCRTCTTYG) that target the

hypervariable region V4 (Comeau et al., 2011). Illumina amplicon

sequencing was performed at the Integrated Microbiome Resource

(IMR, Halifax, Canada) using the Miseq technology. Sequencing

succeeded in 377 out of 576 samples due to low concentrations of

the genetic material, mainly in microplanktonic samples (20-

200 mm).

Sequence data were processed using the R package DADA2

(Callahan et al., 2017) in R version 3.4.4. (R Core Team, 2018)

Sequences were pre-filtered to remove ambiguous bases before

primer removal. Primers were removed using cutadapt tool

(version 1.10) (Martin, 2011). Quality filtering of the reads was

performed using filterandtrim function with maxN = 0, maxEE = c

(10,10), truncLen = c(260, 220), truncQ = 2, minLen = c(260, 220).

After unique sequences were generated, forward and reverse were

merged, and Amplicon Sequence Variants (ASVs) were generated.

Chimeras were removed from the sequences, and taxonomic

assignations were performed with the PR2 database (v4.12.0)

(Guillou et al., 2013). ASVs assigned to Embriophyceae and

Metazoa and those composed of less than 50 reads across the

whole dataset were removed before further analyses. Unclassified

Dinophyceae ASVs were manually inspected by BLASTn against

the NCBI nr database (November 2023) (Sayers et al., 2022).
2.7 Microscopy of plankton samples

Plankton net tow samples were inspected and documented for

microplankton community composition and potentially toxic

species on board using an inverted microscope (Axioskop 35,

Zeiss) equipped with an HD digital camera (Gryphax Jenoptik).

In addition, Niskin bottle samples were used to qualitatively check

the nanoplankton community for the presence of small and

potentially toxic species. For this, 1 L sample pooled from three

depth categories (S, aDCM, and DCM) was gently concentrated

using 5 μm pore size polycarbonate filters and observed using the

inverted microscope.

For quantitative micro- and nanoplankton plankton analysis,

Niskin bottle water samples from three depths (S, aDCM, and

DCM) were pooled, and 200 mL were fixed with Lugol (2% final

concentration). From these samples, 50 mL each from 38 selected
Frontiers in Marine Science 05
stations (see Supplementary Table S1) were concentrated in

sedimentation chambers and counted using an inverted

microscope (Axioskop 35, Zeiss). Cells were identified to species

level or assigned to counting categories at higher taxonomic levels.

Species or groups were subdivided into different size categories

where necessary. For each counting unit, cell densities were

transformed to carbon biomass by size- and shape-specific

conversion factors as provided by the Baltic Marine Environment

Protection Commission (HELCOM) via https://www.ices.dk/data/

Documents/ENV/PEG_BVOL.zip.

For a direct comparison of toxin data and abundance of

toxigenic dinophyte species (i.e., Alexandrium spp., Dinophysis

acuminata, D. acuta, D. norvegica, Protoceratium reticulatum), 1

mL of Paraformaldehyde fixed net-tow samples from 33 selected

stations were stained with a drop of Calcofluor-white, settled in a

small sediment chamber, and analyzed at 200–640 x magnification

with an Axiovert 200 (Zeiss) epifluorescence inverted microscope

and UV excitation. Cells of Alexandrium spp. were identified and

counted based on cell shape and plate details but were not

quantitatively determined at the species level.
2.8 Isolation and characterization of
microalgal strains

Single cells of potentially toxigenic dinoflagellates were isolated

on board from live net tow concentrates under a stereomicroscope

(M5A, Wild) by micropipetting. Single cells were transferred into

individual wells of 96-well tissue culture plates (Techno Plastic

Products) containing 250 μL of medium prepared from 0.2 μm

sterile-filtered medium (Keller et al., 1987) diluted with seawater

from the sampling location at a ratio of 1:10. The original K-

medium receipt was slightly modified by replacing the organic

phosphorus source by 3.62 μM Na2HPO4. Plates were incubated at

10°C in a controlled environment growth chamber (Model MIR

252, Sanyo Biomedical). Unialgal isolates were transferred to 24-

well tissue culture plates, each well containing 2 mL medium.

Exponentially growing isolates were finally used as inoculum for

batch cultures in 65 mL polystyrene cell culture flasks and were

maintained after that at 10°C under a photon flux density of 30–50

μmol m-2 s-1 and a 16:8 h light: dark photocycle in a temperature-

controlled walk-in growth chamber. All strains were sampled for

morphological and toxigenic characterization as described in

Tillmann et al., 2014. For the determination of thecal plate

pattern of selected strains, Lugol-fixed subsamples were stained

with Solophenyl Flavine (Carbosynth) and inspected with

epifluorescence microscopy.

Species identification was confirmed for some selected strains

by LSU and ITS rRNA gene sequencing as described in Tillmann

et al. (2017). For this, the PCR amplicons were purified using the

NucleoSpin Gel and PCR clean-up kit (Macherey-Nagel) and

sequenced directly in both directions on an ABI PRISM 3730XL

(Applied Biosystems by Thermo Fisher Scientific) as described

in (Tillmann et al., 2017). Raw sequence data were processed

using the CLC Genomics Workbench 12 (Qiagen, Hilden,

Germany). Molecular identification of Alexandrium catenella
frontiersin.org
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was based on the positive signal of DNA tested by qPCR using

primers specifically designed to detect A. catenella (Toebe et al.,

2013), including three strains of A. catenella and A. tamutum

from the AWI culture collection as positive and negative

control, respectively.
2.9 Phycotoxin detection

The cell pellets from the plankton net tows and monoclonal

cultures were harvested by centrifugation, suspended in 500 μL

methanol for lipophilic toxins or 0.03 M acetic acid for hydrophilic

toxins, and subsequently extracted by homogenization, filtered and

measured by liquid chromatography with post-column

derivatization and fluorescence detection (LC-FLD) for

hydrophilic PSTs and by liquid chromatography coupled to

tandem mass spectrometry (LC-MS/MS) for all other analyzed

toxin groups.
2.10 Liquid chromatography with post-
column derivatization and
fluorescence detection

The aqueous extracts were separated by reverse-phase ion-pair

liquid chromatography following minor modifications of previously

published methods (Diener et al., 2007; Krock et al., 2007). The LC-

FLD analysis was conducted on an LC1100 series liquid

chromatography system equipped with a Phenomenex Luna C18

reversed-phase column (250 mm X 4.6 mm id, 5 μm pore size) pre-

column. The column was coupled to a PCX 2500 post-column

derivatization system. The injection volume was 20 μL, and the

autosampler was cooled to 4°C. The eluate from the column was

oxidized with periodic acid before entering the 50°C reaction coil,

after which it was acidified with nitric acid. The toxins were

detected by dual-monochromator fluorescence (lex 333 nm; lem
395 nm) (Van de Waal et al., 2015).
2.11 Lipophilic toxin measurement of field
samples by LC-MS/MS

Mass spectral experiments were performed on a triple

quadrupole mass spectrometer coupled to an Agilent model

1100 LC. After injection of 5 μL of the sample, lipophilic toxins

were separated by reversed-phase chromatography on a C8 phase,

and gradient elution was performed with water and acetonitrile.

The chromatographic run was divided into three periods: one for

DA, one for GYMs and SPXs, and one for OA, DTXs, PTXs,

YTXs, and AZAs. Selected reaction monitoring (SRM)

experiments were carried out in positive ion mode (Krock

et al., 2013). In addition, specific SRM experiments were

performed for the toxin classes of AZAs (Krock et al., 2019),

YTXs (Sala-Pérez et al., 2016), and cycloimines, including SPXs

and GYMs (Nieva et al., 2020).
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2.12 Statistical analyses

Phylogenetic diversity (PD) was calculated using the library

Picante (Kembel et al., 2010) in R environment (R Core Team,

2022). Shannon index (H’) was calculated using the software

Primer-e version 6. Graphs were constructed with GraphPad Prism

v8. nMDS were made based on sequence number using the vegan

package (Oksanen et al., 2022) in R environment using the Hellinger

transformation and the Bray-Curtis distance measure. A comparison

of high throughput sequence data with microscopy data from toxin

producers was made by summing up reads from S, aDCM, and DCM

depths. Spearman correlations were conducted with these data, toxin

amounts, and cell abundances of toxins producers using GraphPad

Prism v8. Stations and gridded maps were generated using Ocean

Data View (version 5.3.0) (Schlitzer, 2022).

Paired tests for nutrients, cell abundance, diversity, and Chl-a

were performed in the software Past3 (Hammer et al., 2001). The

normality test applied was Shapiro-Wilk (Shapiro and Wilk, 1965).

When distribution was normal, ANOVA and Tukey test were

applied. Otherwise, Kruskal-Wallis and Mann-Witney tests were

used to compare diversity measures between size fractions and

depth categories in each area. Kolmogorov-Smirnov two-sample

test was applied to explore differences between depth categories

when data distribution was non-normal.
3 Results

3.1 Oceanographic context

During June-July 2017, we sampled 49 stations located along

the West Coast of Kalaallit Nunaat (Greenland) within the photic

zone of the water column. These sampling stations were grouped

into three areas based on their oceanographic conditions: Nuup

Kangerlua (Godthaab Fjord) (area A), a coastal transect (area T),

and Qeqertarsuup Tunua (Disko Bay)-Sullorsuaq (Vaigat) Strait

(area B) (Figure 1).

Seawater temperature showed significant stratification at

stations with freshwater input in areas A and B. Most stations

recorded a salinity of nearly 34, except at the head of area A, where

surface salinity decreased to 22.8 due to freshwater input from

glacier discharge, and in area B where salinity values were around

32. In contrast, area T showed more stable distribution of

temperature and salinity (Supplementary Figure S1).

The depth of the photosynthetically active radiation (PAR) at

1% intensity varied from ~ 20 to 40 m across the study area. Light

penetration was greatest at the mouth of Nuup Kangerlua (Gothaab

Fjord) and at the Sermeq Kujalleq (Jacobshavn Isbraer) outlet (near

Station 44), reaching depths of around 40 meters. Unlike area T,

light penetration was heterogeneous across the region

(Supplementary Figure S2).

Nutrients were mainly depleted at the surface, except at the head

of the Nuup Kangerlua (Godthaab Fjord) (area A) (Supplementary

Figure S1). Nitrate was lower at the surface compared to the DCM in

the three study areas (Kolmogorov-Smirnov between depth categories
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area A: D=0.78, p= 0.002; area T: D=0.85, p<0.001; and area B:

D=0.95, p<0.001). Phosphate concentration was higher at the surface

compared to DCM, only in areas A (ANOVA F=16.6; p<0.001) and B

(Kruskal-Wallis H: 9,9, p=0.007). Chl-a ranged from 0.1 to 3.95 mgm-

3 (Figure 2A), and displayed depth-differentiation only in area B,

revealing significant differences between surface and DCM

concentrations (Kolmogorov-Smirnov test, D=0.6, p=0.0007). The

highest concentrations coincided with lower PAR 1% depths,

suggesting that glacier melt water influenced Chl-a levels.
3.2 Microbial abundances and biomass

Flow cytometry (FCM) measurements indicated that the

abundance of bacterial and photosynthetic picoeukaryotes showed
Frontiers in Marine Science 07
depth differentiation between bDCM and the other depth categories.

Bacterial biomass as determined by FCM counts ranged from 4.7 to

52.8 μg C L-1. In comparison, picophytoplanktonic biomass ranged

from 0.005 to 24.2 μg C L-1, being significantly lower at the bDCM

than at the upper depths (Kruskal-Wallis H=46.2, p=5e-10).

Nanophytoplankton biomass, which varied from 0.26 to 37.5 ug C

L-1, also showed significantly lower values at DCM (Kruskal-Wallis

chi2 = 15.9, p=0.001). Conversely, Cryptophyte biomass ranged from

0.06 to 155 μg C L-1 and was significantly higher at DCM (Kruskal-

Wallis chi2 = 11, p=0.01). Picoplanktonic biomass was lower at area

T (Figure 2A).

The total biomass of the plankton community, as assessed by

fixed sample microscopy, ranged from 39 to 1077 μg C L-1

(Figure 2B). The highest biomass consisted primarily of diatoms

and other flagellates (excluding dinoflagellates) with no differences
FIGURE 2

Microbial biomass from surface to the Deep Cholorophyll Maximum. (A) Chlorophyll-a (Chl-a) concentrations, estimated by fluorometry
measurements, as a proxy of phytoplankton biomass. Microbial biomass estimates derived from flow cytometry including counts for photosynthetic
pico- and nanoeukaryotes, Cryptophytes, and Bacteria. (B) Estimated biomass of microbial eukaryotes >5 µm based on microscopy counts from
pooled abundances from surface to DCM. Stations marked with an asterisk * indicate missing microscopy data.
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in biomass distribution across the three subareas (Figure 2B). The

Haptophyte Phaeocystis pouchetii was the most abundant species

with abundances above 106 cell L-1, mainly in area B

(Supplementary Figure S3B). The Chrysophyte Dinobryon

balticum peaked in area B (Supplementary Figure S3C). Among

the dinoflagellates, biomass contribution of species known to have

plastids (photosynthetic species) was low (Supplementary Figure

S3D), while species known to be heterotrophic were relatively

abundant (Supplementary Figure S3E). However, for a

considerable proportion of dinoflagellate counts - mainly small

naked and thecate specimens - species identification was not

possible, leaving their trophic status undefined. Diatom biomass

was dominated by species of Pseudo-nitzschia, Thalassiosira, and

Chaetoceros. The latter genus (with C. debilis and C. socialis as the

most abundant species) displayed high abundances at stations 6, 9,

and 10 in area A and station 25 in area T (Supplementary Figures

S3I, J). Dense populations of Thalassiosira spp. were mainly present

in area T and at some stations of area B (Supplementary Figure

S3H). Chain-forming pennate diatoms (Fragillaria spp. and similar

species) were found in higher abundance at the northernmost

stations in area T (Figure 2B, Supplementary Figure S3H).

Additionally, onboard light microscopy of living samples revealed

the presence of several species of potentially toxic plankton genera

(Supplementary Figure S3). Species of the diatom Pseudo-nitzschia

(Supplementary Figures S4E, F) were abundant and widespread, but

species identification using light microscopy was impossible. At

least three species of Dinophysis were identified, D. acuta, D.

accuminata, and D. norvegica (Supplementary Figures S4G–J). A

fourth and significantly smaller and scarce species (Supplementary

Figure S4K) was not identified at the species level. Within

Alexandrium, a few cells of A. ostenfeldii could be identified by

LM through the presence of the characteristically large ventral pore

(Supplementary Figure S4T). In contrast, other Alexandrium

species could only be retrospectively identified by using thecal

plate staining and sequence analyses of isolated strains.
3.3 Phylogenetic distribution, diversity, and
community composition of microbial
eukaryotic plankton

The tag-sequencing dataset yielded approximately 15 million

reads clustered into 4,674 Amplicon Sequence Variants (ASVs). Of

these, only 1,415 ASVs (30%) had more than 50 reads, collectively

accounting for 99.7% of total reads, indicating that most of the

microbial eukaryote communities belong to the rare biosphere.

ASVs were classified into ten known eukaryotic taxonomic

divisions using the PR2 database classification scheme

(Figure 3A). Among 23 dominant eukaryotic classes (>1% at least

in one station), fourteen were ubiquitous across the 46 stations for

which high throughput sequencing was performed (Figure 3B).

Within Dinoflagellata, the classes with the most ASVs were

Dinophyceae (358 ASVs) and Syndiniales (193 ASVs)

(Figure 3C). Dinophyceae was also the class with the highest read

number across the whole dataset (Figure 3D). The proportion of

reads for each taxonomic group agreed with expected organism
Frontiers in Marine Science 08
sizes, with Mamiellophyceae, Picozoa, and Chloraracniophyceae

were enriched in the 0.2-3 μm size fraction. Most classes were

present in the 3-20 μm size fraction, whereas the 20-200 μm size

fraction showed an enrichment of Bacillariophyta, Cercozoa, and

Ciliophora (Figure 3E). The majority of reads from major

eukaryotic l ineages were found at bDCM, except for

Chloraracniophyceae (more abundant at the surface), and

Pelagophyceae, Cryptomycota, and Chytridiomycota (most

abundant at DCM) (Figure 3F).

To assess potential phycotoxin producers, dinoflagellates and

other plankton groups were analyzed separately. Faith’s

Phylogenetic Diversity (PD) and Shannon diversity (H’) indices

were significantly higher for non-dinoflagellate groups in area A,

while only PD was significantly higher for dinoflagellates in area B.

Diversity within Dinoflagellata varied among size fractions across

the three study areas and water depths, Supplementary Table S2).

Except for dinoflagellates, eukaryotic plankton community

composition along the West Kalaallit Nunaat (Greenland) coast was

dominated by Haptophyta and Ochrophyta, particularly Phaeocystis

(Prymnesiophyceae), and Chaetoceros (Bacillariophyta) (Figure 4).

Unclassified Ciliophora and Mamiellopyceae were also significant,

especially in area T and outer stations of areas A and B. Area A

displayed the highest relative abundance of Prymnesiophyceae

(primarily Phaeocystis), while area T had more of heterotrophic

classes such as Spirotrichea and Filosa-Thecofilosea and a higher

proportion of Chlorophyta. Bacillariophyta decreased markedly at the

northernmost stations, but occurred in higher abundances in

Qeqertarsuup Tunua (Disko Bay, area B) and Sullorsuaq (Vaigat)

Strait (Figure 4). Gyrodinium was the dominant dinoflagellate,

averaging 76%, 78%, and 58% relative abundance in areas A, T, and

B, respectively, while Syndiniales were mainly represented by Dino-

Group II clade 1 (average 6% among the three areas) (Figure 4).

Non-metrical dimensional scaling (nMDS) analyses revealed

that the community composition of microbial eukaryotes was

homogenous throughout the photic zone (Supplementary Figure

S5, Supplementary Table S3). ANOSIM values indicated high

homogeneity across the study area for all microbial eukaryotes (R

ranges: 0.11 – 0.25), suggesting that depth does not affect overall

community composition within the photic zone.
3.4 Distribution of phycotoxin and
their producers

The phycotoxins detected in plankton samples were spirolides

(SPXs), pectenotoxin-2 (PTX-2), paralytic shellfish toxins (PSTs),

domoic acid (DA), and, to a lesser extent, yessotoxins (YTXs).

Toxin abundances varied among stations, exhibiting a spatial

distribution (Figure 5). DA and PSTs were most abundant in area

T, while SPXs, YTXs, and PTX-2 were predominant in areas A and

B (Supplementary Figure S6). DA exhibited the highest

concentrations north of the study area (Supplementary Figure S6).

The PST profiles varied between inner water bodies (areas A

and B) and open coastal water (area T). Areas A and B contained

only saxitoxin (STX) and gonyautoxins-2/3 (GTX-2/3), whereas

toxin profiles of area T were dominated by the N-hydroxy variants
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neosaxitoxin (NEO) and gonyautoxins-1/4 (GTX-1/4). The only

exception was station 23, located in the inner Kangerluk (Disko

Fjord), which exhibited a unique PST profile with mainly NEO and

minor contributions of STX and GTX-2/3 (Figure 5A).

The SPX profiles were relatively diverse, with nine SPX variants.

In area A, SPX profiles were dominated by SPX C, 20-methyl SPX

G, and a not fully characterized SPX provisionally named SPX-696/

2. In contrast, SPX profiles of area B were dominated by SPX A, 20-

methyl SPX G, and a not fully characterized SPX named SPX-720

(Figure 5B). The only known SPX-producer, A. ostenfeldii, was

detected at most stations though it accounted for only 0.6% of the

total Dinoflagellata reads. Alexandrium spp. were identified in 27

out of 33 stations by microscopy (Supplementary Table S4).

PTX-2 was detected at 11 stations within Qeqrtarsuup Tunua

(Disko Bay) and Nuup Kangerlua (Godthaab Fjord) with the

highest abundance at station 11 (Supplementary Figure S6),

which also displayed the highest cell abundance of Dinophysis,

with dominance of D. acuminata, lower abundances of D. norvegica

and rare occurrence of D. acuta.

YTXs were predominantly in open oceanic waters along the

Kalaallit Nunaat (Greenland) West coast. Most YTX profiles

consisted of YTX, YTX-1131 (corresponding to entry #81 in

Miles et al. (2005), and carboxy-YTX. However, along transect

North and in Sullorsuaq (Vaigat) Strait, YTX abundances were
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lower and mainly comprised YTX-991 [entries #4, #5, and/or #6 in

Miles et al. (2005)] (Figure 5C). Protoceratium reticulatum, a

known YTX producer, was found mainly in areas A and B, with a

high correlation between its abundance in net tows and YTX

content (R2 0.85) (Supplementary Table S4).

Within the phycotoxins detected, SPXs, PTX-2, PSTs, DA, and

YTXs, we found significant and positive correlations between toxin

concentrations and different environmental parameters. Positive

correlations were found between SPX and temperature (R: 0.63,

p>0.01), PTX-2 and silicic acid (R: 0.8, p<0.01) and turbidity

(R:0.63, p: 0.02) and YTX also with temperature (R: 0.55, p: 0.01).

On the other hand, SPXs showed negative correlation with salinity

(R: -0.41, p<0.01) and silicic acid (R: -0.45, p<0.01). STX exhibited

weak but negative correlations with nutrients (nitrate R: -0.43,

p<0.05; silicic acid R: -0.28, p<0.05; phosphate R: -026, p<0.05).
3.5 Isolated strains of potentially
toxic species

Among many microalgae strains isolated from the sampling

area, 52 strains were identified as potential toxin producers,

collected from stations 5, 11, 39 and 45. Detailed plate pattern

analyses (Supplementary Figures S7-11) combined with molecular
FIGURE 3

Phylogenetic distribution of major eukaryotic lineages found in West Kalaallit Nunaat (Greenland) in July 2017. (A) Schematic phylogeny of classes
representing at least 1% of relative abundance in one station. (B) Geographic occupancy, i.e., the number of stations where each class was found.
(C) ASV richness. Bars represent the number of ASVs assigned to each eukaryotic class. (D) Total read number assigned to each eukaryotic class.
(E) Proportion of reads per size fraction. (F) Proportion of reads per depth, with labels for each depth category: S (surface: 2-5m); aDCM (above
Depth chlorophyll maximum: 10-20m); DCM (Depth chlorophyll maximum: 20-40m); and bDCM (below Depth chlorophyll maximum: 40-60m).
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identification (Supplementary Table S5) identified these strains as

two strains of Gonyaulax (with ITS and LSU sequences with 100%

identity to Gonyaulax elongata), 7 strains of P. reticulatum, 11

strains of A. ostenfeldii, 11 strains of A. catenella, and 21 strains of

A. tamutum (Supplementary Table S5).

None of the A. tamutum strains contained detectable PSTs at

detection limits between 0.005 and 0.7 pg cell-1 depending on the

toxin variant and available biomass (for details see Supplementary

Table S7), while all A. catenella strains produced PSP toxins. The

toxin profiles of A. catenella strains isolated from area A were

primarily composed of GTX-2/3 (ca. 50%) and STX (ca. 20%), with

minor proportions of GTX-1/4 (except strain MX-C6). In contrast,

strains isolated from area B showed completely different PST

profiles, dominated by GTX-1/4 (Figure 6A).

All A. ostenfeldii strains lacked detectable PSTs and GYMs

above their maximum detection levels but produced various SPX

compounds, showing marked differentiation between areas. Strains

from area A predominantly produced SPX-C and 20-Me-SPX G,

comprising about 90% of their SPX profiles. Notably, strain MX-

D9/5 contained 90% SPX C but no 20-Me-SPX G. On the other side,

A. ostenfeldii strains from area B showed a higher diversity of SPX

analogs divided into two profiles: strains MX-H11, MX-S-B10, and
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MX-S-B11 were dominated by SPX A and SPX C or 20-Me-SPX G,

while strains MX-S-F4, MX-S-F10, and MX-S-F11 were dominated

by SPX-1, SPX-718, and SPX-720 (Figure 6B).

All seven strains of P. reticulatum contained YTX as the major

analogue, comprising over 95% of total YTXs, along with minor

amounts of six YTX variants: keto-YTX, nor-YTX, dihydroxy-YTX,

and YTX-1159 (corresponding to entry #45 in Miles et al. (2005),

YTX-1189 (corresponding to entry #61 or #62), and YTX-1273

(entry #75) (Figure 6C). The YTX profiles of strains from areas A

and B were very consistent, showing little variation among isolated

strains. For the two strains of Gonyaulax elongata no YTXs was

detected above the detection limit.
4 Discussion

4.1 Diversity and community composition
of microbial eukaryotic plankton in the
West Kalaallit Nunaat (Greenland) coast

Overall, our high throughput sequencing results indicate that the

Dinoflagellata division outnumber all other planktonic members
FIGURE 4

Microbial eukaryotic plankton diversity and community composition at each sampling station. Diversity is expressed as average and standard
deviation. Faith’ Phylogenetic Diversity (PD) and Shannon (H’) index for each station. Dashed lines show average values among all areas for each
index. Stacked bars show the average (among different depths and size fractions) relative abundance of each station. Only eukaryotic classes with at
least 1% of relative abundance are displayed. (A) Other than Dinoflagellata, differentiated by Supergroups, with taxonomic composition at the class
level. (B) Dinoflagellata division, differentiated by class, with taxonomic composition at the genus level (when possible). NA: not assigned eukaryotes,
Other: classes<1%, Dinophyceae_unclass.: ASVs classified only at the Division level.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1443389
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Rodrı́guez-Marconi et al. 10.3389/fmars.2024.1443389
throughout the dataset. This dominance is likely due to the high

ribosomal copy numbers associated with this lineage (Gong and

Marchetti, 2019), as microscopy counts did not indicate a similarly

high abundance of dinoflagellates during the cruise. Consequently,

we analyzed the diversity and community composition separating the

division Dinoflagellata from other plankton members.

Phaeocystis appears as one of the dominant members of the

eukaryotic community within the plankton in the West Kalaallit

Nunaat (Greenland) coast. Previous studies in this area described

differences in plankton community structure and in chemical and

physical gradients between the offshore West Greenland and inland

regions close to the Greenland Ice Sheet, also showing that

Phaeocystis pouchetii dominates the phytoplankton community

(Arendt et al., 2010). Phaeocystis is also a common component of

spring blooms around other locations from the Arctic ecosystem,

like Svalbard Archipelago and Norway (Verity et al., 2007; Hegseth

and Tverberg, 2013).
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Particularly in Nuup Kangerlua (Godthaab Fjord), which is

located deep inland and begins as an icefjord with two glaciers

draining the Greenland ice sheet flowing into the fjord, Phaeocystis

was found to be associated with cold and relatively saline waters

(Krawczyk et al., 2015, 2018). Additionally, centric diatoms,

specifically Chaetoceros and Thalassiosira, were also prevalent in

this area, confirming previous findings (Krawczyk et al., 2014).

There is increasing evidence on the importance of heterotrophs

and mixotrophs particular in polar areas given their capacity to

overcome dark winter periods using phagotrophy as their main

carbon acquisition strategy in the absence of light (Stoecker and

Lavrentyev, 2018; Søgaard et al., 2021). Heterotrophic and

mixotrophic eukaryotes such as Ciliophora, Cercozoa and

Dinoflagellates were found to be very abundant in our sequencing

data, including the picoplankton size fraction. Considering that

there are no described species of Ciliophora, Cercozoa and

Dinoflagellates from this size class it would be important to better
FIGURE 5

Spatial distribution of the main phycotoxin detected in field stations during the MSM65 cruise. (A) Paralytic Shellfish Toxins (PST) analogs.
(B) Spirolides (SPXs) and (C) Yessotoxins (YTXs). For comparison, the color code is as in Figure 6.
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determine how size fractionation biases may distort our view of

diversity in different size classes and future assessments are needed

to determine whether this phenomenon is due to DNA released

from broken cells or if there is a hidden diversity that escaped

microscopy analyses and remains to be described.

There are several biases associated with high throughput

sequencing of ribosomal markers, including the uneven distribution

of 18S rRNA gene copy number among different eukaryote clades

(Gong and Marchetti, 2019) and the incompleteness of ribosomal

databases, which fortunately are being constantly improved. Despite
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these biases, massive sequencing provides a time effective technique

to characterize smaller planktonic size fraction that are difficult to

identify using morphological traits. In this study, we show that

Micromonas is the dominant taxa within the picoplanktonic

fraction. Micromonas has been previously described as a major

component at Norwegiand and Barentss Sea (Not et al., 2005),

central Arctic Ocean (Kilias et al., 2014) Beaufort Sea (Lovejoy

et al., 2007; Balzano et al., 2012). However, this is the first

description of the distribution and relative abundance of this taxon

along the West Kalaalit Nunaat (Greenland).
FIGURE 6

Microalgal strains isolated during the MSM65 Cruise and toxin profiles of the producers. (A) Paralytic Shellfish Toxins (PSTs) produced by strains of
Alexandrium catenella, (B) Spirolides (SPXs) produced by strains of A. ostenfeldii and (C) Yesotoxins (YTXs) produced by strains of Protoceratium
reticulatum. For comparison, color codes are as in Figure 5.
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Complementing high throughput sequencing with microscopy

allows the identification of taxa that are often difficult to detect with

current molecular markers. The quantitative microscopy analysis

revealed a list of 92 micro- and nanoplanktonic taxa. For very

species-rich groups, such as the dinoflagellate Protoperidinium or

unarmored dinoflagellate species that in most cases cannot be reliably

identified in fixed samples, the actual species diversity without doubt is

much higher, as it was also shown by our photo-documentation based

on living specimens (Supplementary Figures S3, S4) and sequencing

data (Figure 4). Scanning ElectronMicroscopy examination from field

samples suggests that several species of Amphidomatacea, including

the newly described Azadinum perforatum and other yet undescribed

ones, co-occur in the area (Tillmann et al., 2020). Extending strain

establishment during future sampling campaigns on rarely studied

groups, such as small naked dinoflagellates, will certainly increase

knowledge of the protist diversity in the area.

Despite there was vertical distribution in nitrate and phosphate,

biomass and Chl-a, our sequencing data show that the composition

of eukaryotic taxa was homogeneously distributed throughout the

water column and along the West Kalaallit Nunnat (Greenland)

coast. This finding, together with the high diversity indices and wide

richness of phytoplanktonic classes representing all known

divisions, highlights the importance of the microbial dynamics

occurring at this threatened ecosystem.
4.2 Phycotoxin distribution in field samples
and comparison with toxin profiles from
phytoplankton strains

Confirming earlier reports (Baggesen et al., 2012; Tillmann et al.,

2016), PSTs were found at various locations without detection of N-

sulfocarbamoyl (B- and C-) toxins in both isolated strains and field

samples. Toxin profiles without N-sulfocarbamoyl have been

described mainly for the more temperate species A. minutum

(Chang et al., 1997; Touzet et al., 2008; Liu et al., 2022). The

absence of N-sulfocarbamoyl toxins in field samples from Western

Kalaallit Nunaat (Greenland) suggests the presence of genetically

distinct populations of A. catenella in this Arctic region in contrast

to temperate areas, where N-sulfocarbamoyl toxins are typically found

in A. catenella, often as the major PST variants (Oshima et al., 1992;

Krock et al., 2007; Collins et al., 2009). We identified two distinct PST

profiles: one profile was dominated almost exclusively by N1-OH

PSTs (GTX-1/4 and NEO) at coastal stations outside fjords and a

second profile solely consisting of N1-H PSTs (GTX-2/3 and STX).

This trend was also seen in strains isolated in 2012 inWestern Kalaallit

Nunaat (Greenland) outside Qeqertarsuup Tunua (Disko Bay) and at

two coastal stations south of Qeqertarsuup Tunua (Disko Bay), which

were also dominated by N1-OH PSTs (Tillmann et al., 2016).

Considering that 22 strains were obtained from A. tamutum,

this species seems to be abundant in the area. Still, toxin analysis

confirmed previous data (Long et al., 2021), including one strain

from Greenland (Tillmann et al., 2016), that this is a non-PST-

producing species.

Like PSTs, the profiles of SPXs showed short-scale regional

patterns. The abundance of SPXs is consistent with the fact that the
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producing species, A. ostenfeldii, is regarded as a boreal species ,

although it also occurs in temperate regions (Mckenzie et al., 1996;

Ciminiello et al., 2007). Notably, in Nuup Kangerlua (Godthaab

Fjord), SPX C was more abundant than SPX A, and it was just the

opposite in Qeqertarsuup Tunua (Disko Bay). PST profiles of the

isolated A. catenella strains does not mirror those of the field

samples. For example, PSTs were only detected at station 11 in

Nuup Kangerlua (Godthaab Fjord) and only the N1-H variants

were present. In contrast, all strains isolated from the same station

primarily produced N1-OH variants. One possible explanation for

this discrepancy is that local populations of A. catenella are

composed of different genotypes.

The variability in SPX profiles further show that different

genotypes of toxin-producing phytoplankton are present along

the West coast of Greenland. Notably, SPX variants found in the

field samples and isolated strains were not always identical. For

example, SPX H was detected in field samples but not in isolated

strains, while SPX-694 was only found in some of the isolated

strains but not in any field samples. The strains isolated from

Qeqertarsuup Tunua (Disko Bay) at stations 39 and 45 display

much more diverse SPX profiles compared to field samples, which

reflect the total profiles present at one station and do not necessarily

represent the toxin profile of individual or multiple strains isolated

from the same station. This discrepancy between field and cultured

toxin profiles can be explained by differences in biomass, since

minor compounds are easily detectable in the high biomass of

isolated strain samples.

Mismatches between field profiles and those of isolated strains

was also observed in the case of YTXs. All seven strains isolated in

Nuup Kangerlua (Godthaab Fjord) at station 11 and in Qeqertarsuup

Tunua (Disko Bay) at station 45 exhibited nearly identical profiles

dominated by yessotoxin (YTX), which is typical for P. reticulatum

(Satake et al., 1997). Interestingly, the YTX profiles of the P.

reticulatum strains only matched the field profiles of stations 6-9;

at all other stations, YTX did not exceed 50% of total YTXs, in most

cases even less (Figure 5C). It is also unexpected that none of the three

YTXs variants present in the field samples, except YTX itself, were

identified among the six YTX variants present in the isolated strains.

While some species and strains of the genus Gonyaulax have been

shown to produce YTXs (Rhodes et al., 2006; Álvarez et al., 2016;

Chikwililwa et al., 2019), both strains of Gonyaulax (G. elongata) lack

any detectable YTX, therefore, there is no evidence to support that

sub-Arctic populations of Gonyaulax contribute to the YTXs found

in the field samples.
4.3 Correlation of plankton community
composition and oceanographic conditions
and how this interaction determines toxin
producer species

The low Chl-a concentrations recorded in this study suggest

that our sampling during the MSM65 cruise was conducted

immediately after the peak of the spring bloom and before the

onset of the summer bloom. Previous studies reported that

Chaetoceros dominate the diatom community at the outer section
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of the Nuup Kangerlua (Godthaab Fjord) during the summer

bloom (Krawczyk et al., 2015). Our results corroborated this

bloom occurred at the full extent of the fjord (Figure 2),

particularly at the inner stations influenced by freshwater input.

Future investigations should leverage these findings to establish

year-round time series in specific areas, thereby enriching our

understanding of seasonal dynamics of microbial eukaryotes and

toxin-producer species along the area.

When analyzing the toxin producers and toxins, we found

positive correlations between the abundances of PST, SPX, YTX,

and PTX-2, cell counts by microscopy and reads assigned to each

known toxin producer (Supplementary Table S5), although some

correlations for sequence reads were not strong. However, it is

important to note that both microscopy and toxin analyses were

performed on samples collected from the net tow at depths of 30 m

depth to the surface, while high throughput sequencing was applied

to samples from discrete depths. The strongest correlation was

found between YTX concentration, P. reticulatum reads, and cell

abundance. Since the other known producer of YTX, Lingulodinium

polyedra was not detected in the samples, this high correlation

suggests that the only producer of YTX in this area is P. reticulatum.

Microscopy and high throughput sequencing confirmed the

presence of A. catenella predominantly in Qeqertarsuup Tunua

(Disko Bay). PTX-2 was detected at 11 stations within

Qeqertarsuup Tunua (Disko Bay) and Nuup Kangerlua

(Godthaab Fjord), with the highest abundance recorded at station

11, which also exhibited the highest cell counts and read numbers

for Dinophysis. Light microscopy analysis indicated that D.

acuminata was the dominant species in the area, with lower

abundances of D. norvegica and rare occurrences of D. acuta. The

later displayed a strong correlation with PTX-2, suggesting D. acuta

may primarily produce this phycotoxin in this area.

On the other hand, we observed a notable discrepancy between

cell count and sequencing reads of Pseudo-nitzschia, and DA

amounts (see Supplementary Table S5). The production of DA by

Pseudo-nitzschia is species-specific (Bates et al., 2018) and

influenced by external factors such as nutrient limitation

(phosphate or silicate) (Lelong et al., 2012) and by the presence

of predators (Lundholm et al., 2018). DA is also known to

accumulate in copepods (Leandro et al., 2010). Therefore, the

total cell densities of protentially multiple Pseudo-nitzschia species

do not necessarily correspond to particulate toxin levels. Besides,

Pseudo-nitzschia have been shown to distribute in thin layers,

evading traditional sampling schemes, which has been proposed

as a camouflage mechanism hiding Pseudo-nitzschia populations

(Rines et al., 2002). This highlights the importance of recognizing

that discrete sampling may not accurately reflect the true

distribution of certain plankton species within the water column.

Glacier melting has several effects on the water column. Key

parameters for the marine ecosystem include decreasing salinity

and consequent stratification, nutrient input and light availability,

all of which are more complex in fjord systems.

In Qeqertarsuup Tunua (Disko Bay) the distribution of PAR 1%

was initially unintuitive, as light penetration was deeper just before the

Sermeq Kujalleq (Jacobshavn Isbraer) outlet glacier, that contributes

85% of freshwater discharge into the Ilulissat Kangerlua (Mernild et al.,
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2015). However, the glacial waters that turn northward through the

Vaigat and the central Disko Bay have a circulating pattern that seems

to preserve water insight with low productivity (Supplementary Figure

S1) andmore transparent water than towards the shores. This dynamic

seems to have an enhancing effect in phycotoxin producers, speciallyA.

ostenfeldii, since the higher SPX concentrations were recorded at this

area, and not at Vaigat Strait, that seem to receive most of the direct

glacial input.

At Nuup Kangerlua (Godthaab Fjord) PAR1% depth showed the

inhibiting effects on light penetration due to glacial sediments

suspended in the water column (Supplementary Figure S2). This

effect was also reflected in the silicic acid concentration, salinity, and

temperature at stations 9 and 10, which were close to the glacier outlet.

These stations exhibited higher nutrient and Chl-a concentrations than

the rest of the Fjord. Toxins detected (SPX and YTX) were not high at

these stations, and the conditions seem to be favorable for diatom

growth. Higher concentrations of toxins were found in station 11, that

also displayed higher temperature and lower nutrients than other

stations at Nuup Kangerlua (Godthaab Fjord). This particular station

is enclosed and highly protected, generating suitable growth conditions

for toxin-producer dinoflagellates.

Overall, the highest concentration of toxins detected in the

current study at Qeqertarsuup Tunua (Disko Bay), were present at

stations that were not directly influenced by the turbidity of melted

waters. This, combined with the toxin distribution pattern found at

Nuup Kangerlua (Gothaab Fjord), suggests that dinoflagellate

toxins are more likely to be present in stable and enclosed areas,

influenced by glacier melting but not directly at the glacier outlet,

where higher turbidity and silicic acid availability seem to promote

diatom but not dinoflagellate growth.

However, when analyzing the link between SPXs, PTX-2, PSTs,

and YTXs and oceanographical parameters, we found that each of

these phycotoxins correlated different with distinct environmental

factors. For instance, SPX were positively correlated with

temperature and negatively correlated with salinity and silicic

acid, suggesting that they are more likely to be found in highly

stratified water bodies or areas with elevated temperatures that are

not directly influenced by glacier melted waters. Conversely, the

positive correlation of PTX-2 with silicic acid and turbidity suggest

that it may be linked to direct glacier melting, as melted glacier

water tend to carry high sediment content and silicic acid

concentrations, as evidenced at stations 9 and 10, in close

proximity to glacier melting. Considering that two phycotoxins

groups (SPXs and YTXs) positively correlated with temperature,

and as the Arctic Ocean becomes warmer and sea ice diminish,

toxin distributions may undergo shift in their extent and

distribution. Therefore, permanent monitoring of these variables

is highly relevant for the Kalaallit Nunaat (Greenland) ecosystem,

where shellfish harvesting are a significant economic source.
5 Conclusions

We found a complex oceanographical system characterized by

vertical stratification of physicochemical variables and biomass and a

highly diverse and homogeneous microbial eukaryotic communities
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dominated by diatoms, haptophytes, and dinoflagellates along coastal

waters of Kalaallit Nunaat (Greenland). We identified the sampling

period as an inter-bloom summer period, with no significant

variation in phytoplankton composition according to depth, size, or

area according tomolecular data. At least, five phycotoxin groups and

their producers were identified, with spirolides, yessotoxins and

pectenotoxins detected mainly in enclosed areas, freshwater

influenced, and domoic acid detected mainly at the northern West

Kalaallit Nunaat (Greenland) coast. Our results suggest a high

diversity in toxin profile among producers of PST, SPX and YTX,

and that detected phycotoxins correlate differently with temperature,

salinity and nutrients. The risk associated to phycotoxins is likely to

increase due to the effects of global warming, rising seawater

temperatures, and increased glacier melting, as most toxin

producers thrive at freshwater-influenced zones. Given that the

human population of Kalaallit Nunaat (Greenland) relies

significantly on marine resources, there is an urgent need for

integrating research and monitoring of HAB species and their

impacts on human health and marine fauna.
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SUPPLEMENTARY FIGURE 1

PAR 1% depth.

SUPPLEMENTARY FIGURE 2

Mean environmental parameters from surface to the Deep Chlorophyll

Maximum, including temperature, salinity, and nutrients: nitrate plus nitrite

(NO3
-NO2

-), ammonia (NH4
+), phosphate (PO4

-3) and silicate (SiO4
-3).

SUPPLEMENTARY FIGURE 3

Distribution of selected species/groups of plankton based on microscopic

quantification of pooled water samples from 3m, 10m, and Deep Chlorophyll
Maximum (S, aDCM and DCM). Light microscopy micrographs of living

specimen on the left side are included to exemplify the species and the

diversity in the respective plankton category. (A) Phaeocystis pouchetii
abundance (n L -1). (B) Dinobryon balticum abundance (n L -1). (C) Biomass

of other flagellates (without P. pouchetii and D. balticum, also excluding all
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dinoflagellates) (µg C L -1). (D) Biomass of dinoflagellate species known to have
plastids (µg C L -1). (E)Biomass of dinoflagellate species know to lack plastids (µg

C L -1). (F) Biomass of ciliates (µg C L -1). Note that the bar chart separates the

mixotrophic species Mesodinium rubrum from other ciliates. (G) Pseudo-
nitzschia spp. abundance (n L-1). (H) Pennate diatoms (other than Pseudo-

nitzschia spp.) abundance (n L -1). (I) Thalassiosira spp. abundance (n L -1). (J)
abundance of small Chaetoceros spp. (n L -1). Note that the majority of counts

likely refers to the colonial speciesC. socialis. (K) Biomass of otherChaetoceros
spp. (µg C L -1). Note that the biomass peaks are mainly due to high densities of

Chaetoceros debilis.

SUPPLEMENTARY FIGURE 4

Potentially toxic plankton genera including species of Prymnesium (A–C),
Pseudochatonella (D), Pseudo-nitzschia (E, F), Dinophysis (G–K), Azadinium
(L), Karlodinium (M, N), Margalefidinium (O–Q), Alexandrium (R–V),
Protoceratium (W), and Gonyaulax (X–Z).

SUPPLEMENTARY FIGURE 5

Beta diversity analyses for other microbial eukaryotes and dinoflagellate

community composition at ASV level.
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SUPPLEMENTARY FIGURE 6

Marine toxins detected in each study area.

SUPPLEMENTARY FIGURE 7

Gonyaulax elongata morphology of cultured strain.

SUPPLEMENTARY FIGURE 8

Protoceratium reticulatum morphology of cultured strains.

SUPPLEMENTARY FIGURE 9

Alexandrium ostenfeldii (strain MX-SB11) in brightfield (A–E) or squeezed thecal

plates stained with solophenylflavine viewed in fluorescence light (F–L).

SUPPLEMENTARY FIGURE 10

Alexandrium catenella (strain MX-C11) in brightfield (A–D) or thecal plates
stained with solophenylflavine viewed in fluorescence light (E–U).

SUPPLEMENTARY FIGURE 11

Alexandrium tamutum (strain MX-F3) in brightfield (A–D) or thecal plates

stained with solophenylflavine viewed in fluorescence light (E–Q).
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Lelong, A. L., Hégaret, H.É., Soudant, P., and Bates, S. S. (2012). Pseudo-nitzschia
(Bacillariophyceae) species, domoic acid and amnesic shellfish poisoning: revisiting
previous paradigms. Phycologia 51, 168–216. doi: 10.2216/11-37

Liu, M., Krock, B., Yu, R., Leaw, C. P., Lim, P. T., Ding, G., et al. (2022). Co-
occurrence of Alexandrium minutum (Dinophyceae) ribotypes from the Chinese and
Malaysian coastal waters and their toxin production. Harmful Algae 115, 102238.
doi: 10.1016/j.hal.2022.102238

Long, M., Krock, B., Castrec, J., and Tillmann, U. (2021). Unknown extracellular and
bioactive metabolites of the genus Alexandrium: A review of overlooked toxins. Toxins
(Basel) 13 (12), 905. doi: 10.3390/toxins13120905

Lovejoy, C., Vicent, W. F., Bonilla, S., Roy, S., Martineau, M. J., Potvin, M., et al.
(2007). Distribution, phylogeny, and growth of cold-adapted Picoprasinophytes in
Arctic Seas. J. Phycol. 43, 78–89. doi: 10.1111/j.1529-8817.2006.00310.x

Lundholm, N., Krock, B., John, U., Skov, J., Cheng, J., Pančić, M., et al. (2018).
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