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Resumo

Ambientes extremos como o Oceano Artico tém enfrentado mudancas severas
e drasticas para 0 nosso planeta. As manifestaces mais notaveis das mudancas
climaticas sdo o derretimento do gelo, juntamente com a diminuicdo da extensado e
espessura do gelo marinho do Oceano Artico. Estas implicaces estdo a comprometer
todo o ecossistema Artico e mudando a produtividade primaria e a biogeoquimica do
Artico.

Este estudo teve como objetivo investigar os padrbes biogeograficos da
diversidade e distribuicio do microplancton do Artico ao longo de dois transectos
oceanograficos na Zona Marginal do Gelo (MIZ). Ao combinar a abordagem 18S
metabarcoding, usando a sequenciacdo de nova geracdo (NGS), e a classica
identificacdo e contagem de células, este estudo também produziu algumas diretrizes
para programas de monitoramento de fitoplancton do Artico, a fim de preencher lacunas
criticas sobre as questdes emergentes que tém surgido devido a um Artico em mudanca.

Durante a campanha de monitoramento do Artico, MOSJ-ICE2016
(Environmental Monitoring of Svalbard and Jan Mayen), liderado pelo Instituto Polar
Noruegués (NPI), a dgua do mar foi amostrada, a superficie (2m-5m), profundidade
maxima da clorofila (17m-50m) e profundidade (50m-1035m), juntamente com dados
fisicos e biogeoquimicos, durante 25 de Julho a 4 de Agosto de 2016, ao longo de dois
transectos oceanograficos na Zona Marginal do Gelo (MIZ): Kongsfjorden e Rijpfjorden,
no arquipélago de Svalbard. A contagem e a identificacdo do fitoplancton pelo
microscopio foram realizadas pelo NPI, enquanto as analises de metabarcoding foram
realizadas no CIIMAR (Porto, Portugal), através da andlise da sequenciacdo massiva
paralela da regido hipervariavel V4 do gene da subunidade pequena do RNA ribossomal
(SSU rRNA, sigla anglo-saxoénica).

Os resultados obtidos por 18S-V4 metabarcoding revelaram que o conjunto de
dados eucariéticos compreende uma estrutura de comunidade protista diversificada e
altamente complexa, com um padrdo biogeografico acentuado das comunidades
protistas ao longo da Zona Marginal do Gelo, Svalbard com uma dependéncia de
profundidade ao longo da coluna de agua e variacbes das massas de agua. Fortes
ligacbes entre a distribuicAo das comunidades protistas e gradientes ambientais
também foram identificados. Quanto a comparacdo metodoldgica, os resultados
mostraram que a identificacdo e caracterizacdo dos grupos de fitoplancton foram
bastante diferentes quando a anéalise microscopica e metabarcoding foram utilizadas.
Véarios grupos taxondmicos foram identificados sob metabarcoding que ndo foram

encontrados em microscopia, € 0 mesmo se verificou ao contrario. Além disso, 18S-V4
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metabarcoding foi capaz de detetar grupos fitoplancton de maior diversidade, mas com
menor recuperacdo de abundéncia, jA ha microscopia, este método detetou menos
grupos taxonémicos, mas com maior recuperacao de abundancia.

No entanto, apesar das discrepancias de ambos os métodos, este € o0 primeiro
passo para melhorar a comparacéo para a comunidade protista na regido do Artico e
pode servir como base para estudos futuros. Assim, a colecdo microbiana do MOSJ-
ICE2016 analisada no presente estudo fornece uma comparagdo pormenorizada entre
métodos, oferecendo diferentes percepc¢des ecoldgicas, ajudando a estar um passo a
frente no preenchimento de lacunas criticas da resposta dos produtores primarios, de
acordo com o dréastico declinio do gelo Artico. Isto é relevante para a aplicacdo de
metodologias eficazes em programas de monitoramento de fitoplancton de longo prazo,

imprescindiveis para antecipar tendéncias futuras do aquecimento do Artico.

Palavras-Chave

Oceano Artico, Fitoplancton, Protistas, Alteragdes Climaticas, Morfologia, 18S

Metabarcoding, Diversidade, Padrdes Biogeograficos
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Abstract

Extreme environments like the Arctic Ocean have been facing severe and drastic
changes in our planet. The most notable manifestations of climate change are the
melting ice, along with the decrease of the Arctic Ocean sea ice extent and thickness.
These pronounced implications are compromising the entire Arctic ecosystem and
changing Arctic’s primary productivity and biogeochemistry.

This study aimed to investigate the biogeographic patterns of Arctic
microplankton diversity and distribution along two oceanographic transects in the
Marginal Ice Zone (MIZ) around Svalbard. By combining the 18S metabarcoding
approach, using next generation sequencing techniques (NGS), and the classic
microscope cell identification, this study also produced some guidelines for Arctic
phytoplankton monitoring programs in order to fill critical gaps concerning the emerging
questions that have been raising due to a changing Arctic.

During the Arctic monitoring campaign, MOSJ-ICE2016 (Environmental
Monitoring of Svalbard and Jan Mayen), led by Norwegian Polar Institute (NPI), seawater
was collected, at surface (2m-5m), deep chlorophyll maximum (17m-50m) and bottom
depth (50m-1035m), together with physical and biogeochemical data, during 25th July
and 4th August of 2016, along two oceanographic transects at the Marginal Ice Zone
(MIZ): Kongsfjorden and Rijpfjorden transect, in Svalbard archipelago. Microscope
phytoplankton counts and identification were performed by NPI while metabarcoding
analysis were performed at CIIMAR (Porto, Portugal), through the analysis of the
massive sequencing of the hypervariable V4 region of the small subunit ribosomal RNA
(SSU rRNA) gene.

The results from 18S-V4 metabarcoding revealed that the eukaryotic dataset
comprises highly complex and diverse protists community structure, with a marked
biogeographic pattern of the protists communities along the Svalbard Marginal Ice Zone
with clear trends of depth-dependency along the water column and water masses
variations. Strong links between protists communities distribution and environmental
gradients were also identified. As for the methodological comparison, results showed
that the identification and characterization of the phytoplankton groups were quite
different when using the microscopy analysis and metabarcoding. Several taxonomic
groups were identified under metabarcoding that were not found in microscopy, and the
same was verified in the other way around. In addition, 18S-V4 metabarcoding was able
to detect higher phytoplankton diversity but with lower abundance recovery, as for
microscopy, this method detected fewer taxonomic groups but with higher abundance

recovery.
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Nevertheless, despite the discrepancies of both methods, this is the first step to
improve a methodological comparison for the protists community in the Arctic region and
could serve as a baseline for further studies. Thus, the microbial collection of MOSJ-
ICE2016 analyzed in the present study provides a comprehensive comparison between
methods, offering different ecological perceptions, helping to be one step ahead in filling
critical gaps of the response of primary producers, according to the drastic decline of the
Arctic ice. This is relevant to apply effective methodologies in long-term phytoplankton

monitoring programs, essential to anticipate future Arctic warming trends.

Key words

Arctic Ocean, Phytoplankton, Protists, Climate Change, Morphology, 18S

Metabarcoding, Diversity, Biogeographic patterns
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DCM - Deep chlorophyll maximum

DIC — Differential interference contrast
DNA - Deoxyribonucleic acid

e.g. - exempli gratia

FYI - First-year ice

HTS- High-throughput sequencing

i.e. -id est
L - litre
m — metre

MAW - Modified Atlantic Water
MIT — Microplankton

MIZ- Marginal Ice Zone

MOSJ - Environmental Monitoring of Svalbard and Jan Mayen

MYI - Multi-year ice

N - any base

ND — Not Determined

NGS - Next-generation sequencing

NH4* - Ammonium

NMDS — Non-metric multidimensional scaling
NO:" - Nitrite

NOs - Nitrate
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nt - nucleotide
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OTUs - Operational taxonomic units

PAR - Photosynthetically active radiation
PCA - Principal component analysis

PCR - Polymerase chain reaction

pH - Potential of hydrogen

PHT - Phytoplankton

PO,®” - Phosphate

PR:2 - Protist Ribosomal reference database
PSW - Polar surface Water

RV Lance - Research Vessel Lance

SiOy4 - Silicate

SMHI - Swedish Meteorological and Hydrological Institute
SPAR- Superficial photosynthetically active radiation
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SSU - Small SubUnit

TAW — Transformed Atlantic water

THC - Thermohaline circulation

V. — version

VS — Versus

WOoORMS - World Register of Marine Species
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Microbial Biogeography

Understanding what could influence the distribution of species, how organisms
are dispersed, what patterns of distribution can be expected, as well comprehend why a
specific taxon became restricted to a current area are pertinent questions of microbial
biogeography [1].

Over the years, many studies have provided fundamental ecological insights to
answer these questions but they remain still unsolved. Indeed, there are many factors
that alter at different spatial and temporal scales the distribution of microbial
communities, such as: climate change, seasonal variations, changes in temperature,
light, salinity, depth, biotic interactions and/or low-abundance taxa and anthropogenic
impact [2,3]. Therefore, there are many drivers that can affect the study of microbial
biogeography, especially in communities that are inserted in extreme environments,
such as the Arctic, where any change in the ecosystem could be reflected in the diversity
and dynamics of microbial communities [4].

With the progressive molecular methods and the knowledge along the years
through the classic taxonomic classification, it is possible to obtain more precise trends

and patterns to get insight into microbial biogeography [5].

Arctic Ecosystem

At the most northernmost region is located the Arctic. The Arctic ecosystem is
complex and unique and is mostly covered by water, the Arctic Ocean [6]. Both terrestrial
and marine ecosystems are quite complex and climate stability is an important indicator
of this balanced system [7]. Seasons in the Arctic are very intense with extreme changes
in light and temperature, verified by the long cold and dark winter months and short
summer periods [8,9].

The continuous flow of nutrients between Arctic terrestrial and marine ecosystem
is crucial to maintain balance in all interconnections of the food chain, the amount of light
is essential to maintain the observed patterns in sea ice floating on Arctic Ocean, when
the massive spring blooms of algae feed the ecosystem, that grow in the Fall and Winter
and melt in the Spring [10]. Any perturbation and stress induced in the ecosystem or in
the food web could influence the balance established. Thus, it is crucial to consider how
the Arctic ecosystem is responding to climate change, especially the response of

microbial communities that might affect both lower and higher trophic levels [11].
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Climate Change Impact in Arctic Ocean

Over the years, climate change has been causing severe consequences and
implications in the Arctic Ocean [12]. The phrase "Arctic is experiencing a warming at
nearly twice the global rate”, is well documented in the literature [11,13,14]. As a matter
of fact, it is in the Arctic region that suffers the most consequences with severe and
drastic changes, especially in the Arctic Ocean [13,14].

The impacts of climate change in the Arctic Ocean, is quite well known by now
and can be observed in different levels: increasing temperatures in air and waters, sea-
level rise, decrease in snow and in ice cover, glacial runoff, shifts from thicker perennial
multiyear ice (MYI) for thinner first year ice (FYI), ocean circulation changes, ocean
acidification, changes in precipitations patterns, permafrost thawing, increased input of
freshwater (from melting ice) and increased input of warmer water (from the North
Atlantic Ocean) [15,16]. However, these are the direct implications that we have noticed
over the years and we have a better perception of, but what about the indirect
implications? What are the feedbacks of these implications for the marine ecosystem
and the species that inhabit the Arctic Ocean?

There are many concerns about these consequences and because everything is
interconnected between the ecosystem Atmosphere-Ice-Ocean, it is plausible to say that
the implications of climate change in the Arctic Ocean has a vicious cycle [17]. By
increasing the temperature progressively, due to global warming, there is a drastic
reduction of the ice, which later will cause the substitution of MYI for FYIl. Consequently,
the glacier runoff will cause the sea level rise (along with the melting of the Greenland
ice sheet), with a very sharp inflow of fresh water [18,19,20].

In turn, due to the increase of temperature, the oceans become warmer causing
the reduction of sea ice cover and the surface of the ocean becomes more and more
visible absorbing the sunlight, boosting once again the process described above [21].
Furthermore, the increased ocean load and the entrance of warmer and salty water from
the North Atlantic Ocean to the Arctic Ocean, which is less dense and less salty, it's
causing interferences in the Thermohaline circulation (THC) between the Atlantic Ocean,
Arctic and Pacific Ocean, most likely to influence the ocean circulation and patterns [22].

These changes will also affect the organic matter, nutrients and minerals
available in the Arctic Ocean altering the environmental gradients and subsequently the
Arctic’s primary productivity and biogeochemistry [16,22].

So, on the basis of a changing Arctic sea-ice, these changes and pressures are

likely to lead to an Arctic ice-free during Summer by the end of the 21st century and to
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an entire biological reorganization of this environment, by forcing Arctic Ocean species

to adapt to these new conditions [23].
Implications on Arctic Ocean Phytoplankton Communities and

Primary Productivity

Phytoplankton needs to have the right conditions for its growth, which include
availability of sunlight, nutrients and minerals [24]. When these microscopic organisms
have sufficient amounts of nutrients concentrations and the right amount of sunlight,
there is a rapid increase and accumulation of phytoplankton populations, forming
blooms, leading to the natural seasonal cycle of the annual phytoplankton spring blooms
[25]. An example, is the massive spring blooms that developed in the water column under
the Arctic ice [26]. These under sea ice blooms are becoming more frequent as a
response to climate change due to the retreat of sea-ice and thinning ice cover [26]. This
is an important aspect reported in literature [26,27,28], and an example on how these
communities are responding to the Arctic warming trend. On one hand the excessive
light compromises the growth and the open water phytoplankton do not have the capacity
to photosynthesize as efficiently as before, but on the other hand the ice melting and the
substitution of MYI for FYI along with the melt ponds is a potential key-driver to absorb
more light and stimulate massive blooms under-ice [26,27,28].

The substitution of MYI for FYI and the increase of sea level also causes stress
in the communities and loss of habitat for some species, and there is a need to
understand the feedback expected from these communities regarding these threats
[18,19].

On top of that, the increase of CO; levels boosts ocean acidification and lower
the pH, where in fact, there are some studies (mostly performed in single species
laboratory experiments) focused on different implications on phytoplankton communities,
reporting the effects of ocean acidification enhanced by the increased CO: on
phytoplankton [29]. However, the main common conclusion of these experiments is that
different effects are expected because the biological feedback is specific to each species
[29,30,31].

Ocean circulation changes have an influence on Arctic’s marine productivity and
ecosystem, the entrance of warmer and salty water from the Atlantic Ocean resulted
already in shifts of phytoplankton blooms distribution [22,32,33]. In addition, the
increased inputs of warmer and freshwater, along with the nutrients transport, will
subsequently alter the salinity and other minerals that can facilitate the appearance of
invasive species [33,34,35]. Furthermore, even if there is an increase in nutrients

generated by melted ice, nutrient depletion will also occur, due to excessive light and
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higher exposure to photosynthetic active radiation (PAR), which possibly will alter the
vertical stratification of the water masses. This will further boost competitiveness in the
food chain due to nutrients limitation [36,37].

Therefore, climate change driven implications and threats have serious
repercussions in the phytoplankton communities, and the expected feedback are: loss
of habitat, interspecies competitiveness, metabolic and cellular stress, limitations in the
growth of phytoplankton when nutrients are limited or uncontrolled increase in growth
under the ice due to excessive light and with the right amount of nutrient availability,
hence the early spring blooms, or even a second spring bloom. As a consequence of
changes in primary productivity dynamics it is also expected shifts in its communities,
and force species to adapt to a new regime or, in some cases, extinction because of the
“‘dead zones”, as well as changes in the biogeography of phytoplankton species
[16,30,38].

Phytoplankton Communities Dynamics in Svalbard Region

The study of phytoplankton in Svalbard region dates back many years, to
understand the dynamics and possible changes that may occur due to climate change
impact [39]. Efforts have been made concerning the monitoring of phytoplankton in this
region, especially in the Kongsfjorden region, where there is an established monitoring
site and has been most intensively studied over the years [40,41]. Early studies in this
area have provided knowledge about the dynamics of phytoplankton by using traditional
microscopic methods [42,43,44,45]. However, both traditional and molecular methods
studies highlight temporal trends observed by the phytoplankton and primary
productivity. In fact, typical Arctic species are observed, but also invasive and evident
Atlantic species, caused mainly by the increase in the introduction of North Atlantic water
masses in Svalbard region. These studies reported clear long term trends shifts in the
phytoplankton communities [33,46,47,48].

Therefore, the Svalbard region presents a typical Arctic climate, and the
phytoplankton communities and primary productivity in this region are able to endure the
harsh conditions that characterized this region [49]. However, as mentioned in the
sections above the implications of a changing Arctic are extremely severe and well
manifested over the years in Svalbard region. Thus, in Svalbard waters, phytoplankton
dynamics and composition vary and are dependent on biological, environmental
characteristics and hydrological factors, as well the state of sea ice thickness and cover
[43].
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In table 1, is reported a compilation of the main findings from studies on
phytoplankton communities dynamics in Svalbard region, with more focus on

Kongsfjorden and Rijpfjorden areas.



[BAPORTO

F FACULDADE DE CIENCIAS
UNIVERSIDADE DO PORTO

FCUP
Biogeography of Arctic Eukaryotic Microbiome: A comparative approach between 18S rRNA gene
metabarcoding and microscopic analysis

7

Table 1. Compilation of the main findings from studies on phytoplankton communities dynamics in Svalbard region

Region Main Methods Main Findings Climate Drivers Implications References
* Observations of Atlantic indicator species, in particular the coccolithophore Hegseth et al. [41]
Konasfiorden Microsco Coccolithus pelagicus; o Advection of Atlantic Water into Kongsfjorden; Hasle et al. [42]
gsl Py e Dominant haptophyte Phaeocystis pouchetii and chrysophyte Dinobryon o Glacier runoff. Halldal et al. [50]
balticum.
SSU rDNA clone » Alveolate occupied the highest percentage of taxa in the library of surface ¢ ﬁscrlgzs&c;rti?r:nfség?enced by both Atlantic and
Kongsfjorden libraries sea water. « Inputs from large tidal glaciers that create steep Luo et al. [48]

(18S rDNA gene)

Dinoflagellates, diatoms, and pico-Prasinophytes were detected as
prevalent phytoplankton through the analysis of libraries.

environmental gradients in sedimentation and
salinity.

Krossfjorden and
Kongsfjorden

Microscopy and
sequencing of 18S
rRNA genes

Data revealed that diatoms and Phaeocystis sp. were replaced by small
nano- and picophytoplankton during late spring, coinciding with low nutrient
availability;

The innermost stations showed higher relative abundances of nano- and
picophytoplankton throughout, notably of cyanophytes and cryptophytes.

e Glacier influence, mediated by early meltwater
input.

Piquet et al. [51]

Kongsfjorden and

Microscopy and

Both Kongsfjorden and Rijpfjorden showed inter-annual differences in
taxonomic composition, abundance and biomass of phytoplankton during

e Temperature increase;

L . summer, but most taxonomic groups were present every year; e Increased advection of heat by the West CAFF [33]
Rijpfjorden Molecular techniques e Shift in phytoplankton community composition towards dominance of Spitsbergen Current.
small-sized phytoplankton.
e The number of taxa varied between years.
i : e Protist community dominated by nanoplanktonic dinoflagellates « Higher sea and air temperatures and less sea ice;
Rijpfiorden Microscopy (gymnodiniales), ciliates and prymnesiophytes; e Variations in Atlantic Water Boundary Current. Hop et al. [52]
e Postbloom P. pouchetii dominance.
e Dominance of groups by flagellates (Dinophyceae and Cryptophyceae),
Prymnesiophyceae (primarily non-motile stage of Phaeocystis pouchetii) o Glacier retreat;
Wijdefjorden and Microscopy and Flagellates indet. (most likely the motile stage of P. pouchetii). e Glaciers discharging fresh and turbid waters Trudnowska et al.

Rijpfjorden

Planktonic protists succession pattern in the northern Arctic regions
showed a clear linkage with seasonal change in the hydrographic
conditions.

directly to the sea;
o Atlantic-influenced northern fjords.

(53]
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Methodologies to Study Phytoplankton Communities

Understanding the best methodological approaches to investigate the response
of primary producers to the dramatic decrease of Arctic ice will be of key importance in
order to have effective methodologies to be applied in long term monitoring programs,
essential to anticipate future trends.

With respect to the microscopy approach, microscopic counting of phytoplankton
is one of the traditional determinations used in the assessment of the ecological status
of marine environments [54]. According to literature, the most direct approach for a
detailed analysis of phytoplankton community structure is microscopic observations of
water samples [55]. However, accurate phytoplankton analysis using this methodology
is very time-consuming and highly limited to identify small phytoplankton cells [55] (Table
2). In addition, conventional methods have also led to inherent problems when it comes
to classifying the protists community, due to several aspects, but mainly to
“undersampling” [5]. Moreover, microscope cell counts of phytoplankton have also
limitation in the detection of cryptic species [56,57,58] (Table 2).

Over the years, molecular methods start to emerge due to the need to circumvent
the limitations of conventional microscopy methodologies, and have revolutionized the
way we look at microbial communities [59]. The advantage of genomics with high-
throughput DNA (deoxyribonucleic acid) sequencing provided by next-generation
sequencing (NGS) technologies, advances in computational biology and bioinformatic
pathways, was the key point to improve phytoplankton research at a broader level
[59,60]. Nowadays, genomics approaches are the most innovative source in marine in
situ monitoring and provide new insights into the diversity of organisms, as well their
abundance and dynamic patterns [59,60] (Table 3).

Among them, metabarcoding technique has proved to be a powerful tool for the
identification of multiple species from a bulk sample and became the method most
commonly used also for the studies of microbial eukaryotes (protists) community
[16,56,57] (Table 3). This method relies on a short section of DNA from a specific gene
marker (18S rRNA gene for eukaryotes and 16S rRNA for prokaryotes), on techniques
such as NGS, PCR (Polymerase chain reaction) and bioinformatic tools [16,60]. This
promising approach allowed even more relevant ecological discoveries, as well the
status of the marine environment and how the organisms respond to certain disturbances
[61]. Also, through this approach, researchers were able to decipher new lineages of
protists and expand the current knowledge of protists and diversity through the

taxonomic levels, where in methods based on morphology this could be an issue [61].
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Nonetheless, despite the advantages and disadvantages of both methodologies,
several authors began to point out that the use of conventional methods associated with
molecular techniques can offer new insights into the microbial world and unravel some
unanswered questions [33,55,56,62].

Taking into account the different power of resolution of the two approaches for
studying phytoplankton diversity, in the present research we focused on both techniques:
microscope phytoplankton cell counts and identification and metabarcoding approach.
More details on the advantages and disadvantages of each methodology are compiled
in tables 2 and 3 with respective references.
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Table 2: Compilations of the advantages and disadvantages of microscopic approach

Advantages

Disadvantages

References

Morphology, cellular variability, age, growth, shape and general
physical state can be observed as they counted.

Time-consuming and possibility of experimental errors.

Lund et al. [63]
Lund et al. [64]

Possibility of using counts as a basis for other determinations.

Statistical procedures are only applicable to entities and not to
their constituent parts and cells of algae vary so greatly in size.

Lund et al. [64]

The Uterm6hl method using an inverted microscope is best
known and most widely accepted technique of phytoplankton
enumeration and the sedimentation technique permits the
investigator great flexibility.

Biologically sparse samples usually contain insufficient
numbers of the rarer species, and thereby produce erroneous
community evaluations.

Stofan et al. [65]

The Uterméhl method is a standard method and relatively easy
to use because there is lot of comparable data with the same or
similar protocols.

Requires a lot of training; Depending on desired taxonomic
resolution may require high-quality high-powered compound
scopes with specialized features.

Phytoplankton Measuring and Culture Techniques working
paper [66]

Microscopy based methods and pioneering researchers

contributed to phytoplankton knowledge.

Access to older scientific literature is essential and is often
necessary for detailed species descriptions, however, these
may be difficult to access.

Karlson et al. [67]

Once acquire a high-quality microscope it can remain for many
years.

The initial cost is high.

Karlson et al. [67]

Microscopic determination is the only method by which it is

Small picocyanobacteria and pico-eukaryotes may not settle

possible to acquire information on the whole species and/or are too small to be identified, resulting in an Blauw [58]
i T . Helcom [68]
composition of phytoplankton samples. underestimation of their numbers and total phytoplankton
abundance.
Microscopy is the practical choice for larger planktonic groups, Taxonomic expertise is becoming rare;
as the equipment needed is readily available and not technically =~ Operator fatigue and even taxonomic bias (different time series
complex; Quantifying cell numbers is essential for reporting can place a focus on different taxon groups based on the CAFF [33]

toxic species, following species succession, and mapping long-
term changes in species distribution.

expertise of available analysts) taxonomic records based on
microscopy are rarely complete.

More valuable ecological and architecture information of
phytoplankton.

Many taxa exanimated microscopically is probably new to
science and a source of difficulty when establishing robust
taxonomic lists.

Rivera et al. [69]

Microscopy techniques command a unique position in analyzing
various features such as morphology, chemical composition
and structure, topology, interfacial properties, molecular,
microstructure, and micromechanical properties, that allow a
better perception of other visible criteria that wouldn’t be
perceived by other methods.

Identification and quantification of rare species and the ability to
distinguish morphologically close or identical species (i.e.,
cryptic species), or poorly characterized juvenile stages of
known species.

Danovaro et al. [56]
Venkateshaiah et al. [70]
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Advantages

Disadvantages

References

Rapid, less expensive and precise identification of field-
collected planktonic organisms;

Relatively simple, applicable to all life stages of a given species,
can be performed on parts of an organism, is culture-
independent and is objective; Specialized training is not
needed; Revolutionized the understanding of microbial
eukaryote diversity and ecology.

The primer choice could significantly affect the results by
amplifying non-target groups and target sequences more than
others; Using a multiple primer sets, or multiple barcode genes
for different target taxonomic groups will help to reduce primer
bias, but it is more costly and time-consuming, so that could not
be a preferable choice by the researcher.

McManus et al. [71]
Stoeck et al. [72]

DNA metabarcoding opens the door to high-throughput
biodiversity assessment and has been implemented for several
ecological applications; field with an abundant literature
available.

DNA metabarcoding applications require short amplicons and
robust PCR conditions to achieve unbiased amplification from a
mixture of several DNA templates; The selected markers must
correspond to a genomic loci flanked by two highly conserved
priming sites to simplify PCR conditions and reduce differences
in amplification among the different DNA templates.

Coissac et al. [73]

It can be implemented for both modern and ancient
environmental ~ samples; Metabarcoding datasets  are
also taxonomically more comprehensive and less reliant on
taxonomic expertise; reliable method for recovering alpha- and
beta-diversity information from large-scale, field-collected data
set.

Considerable investment needed to build comprehensive
taxonomic reference libraries;

Need for making progress in DNA sequencing technologies that
will allow elimination of a DNA amplification step, and also need
for make comprehensive taxonomic reference libraries
composed of whole organellar genomes and repetitive
ribosomal nuclear DNA

Taberlet et al. [74]
Jietal. [75]

The presence of the 18S rRNA across all eukaryotes, its
extensive occurrence in public reference databases and the
availability of generalist primers make this gene the best
universal marker available to date for eukaryotes.

Intracellular polymorphism, rDNA copy number variation and
presence of pseudogenes; The sequencing depth of the next
generation technologies, the different copies, pseudogenes and
other variants of the 18S rRNA of each organism could
consequently lead to inflated diversity metrics by increasing the
number of predicted OTUs.

Decelle et al. [76]

Metabarcoding approach, have provided further insights into
protist biodiversity with unprecedented detail; the number of
OTUs could easily exceed the number of protist taxa identified
by traditional methods; Better coverage of the ‘rare biosphere’;
Can uncover cryptic species.

Could provide an inaccurate or wrong estimation (under/over
estimation) of the actual biodiversity of the sample due to
variability in primers, PCR conditions, sequencing technology
and bioinformatics pathways used;

Moreover, cases occurred in which different species shared the
same barcoding gene target in V4 region.

Danovaro et al. [56]
Piredda et al. [57]
Mordret et al. [77]

Metabarcoding technique was shown to be more valuable

for assessing pico-phytoplankton and novel phytoplankton
diversity than morphological identification due to the in-depth
sequencing that is achieved.

When comparing with morphology methods, different data
bases should be considered;
Metabarcoding don’t detect dead cell.

Rivera et al. [69]
Huo et al. [78]
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Objectives

The thesis presented herein - “Biogeography of Arctic Eukaryotic Microbiome: a
comparative approach between 18S rRNA gene metabarcoding and microscopic
analysis” - makes part of an international collaboration between CIIMAR and the
Norwegian Polar Institute (NPI) through a joint research based on a long term program
on Environmental Monitoring of Svalbard and Jan Mayen (MOSJ) led by NPI. For this
study microplanktonic samples from the 2016 MOSJ Arctic campaign were used to
accomplish two main objectives:

1 - Investigate the biogeographic patterns of Arctic phytoplankton diversity and
distribution along two oceanographic transects (covering Fjord, Coastal and Open ocean
regions) in the Marginal Ice Zone (MIZ) around Svalbard, using 18S rRNA gene
metabarcoding approach.

2 - Perform a comprehensive comparison between the 18S rRNA gene
metabarcoding approach, using new generation sequencing techniques, and the classic
microscope cell counts for phytoplankton analysis.

In this sense, by combining different approaches (microscope analysis and 18S
rRNA gene metabarcoding), this study aims to understand the advantages and
limitations of each methodology and identify the relevant complementary information to
achieve a full understanding of Arctic phytoplankton diversity and to produce
methodological guidelines for Arctic phytoplankton monitoring programs, essential to fill
critical gaps concerning the emerging questions that has been raising due to a changing

Arctic.
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Study Area

Sampling was conducted along two oceanographic transects (Kongsfjorden —
western transect and Rijpfijorden — northern transect) in the Marginal Ice Zone around
Svalbard (Figure 1) by a CIIMAR research team during 25 July and 4 August 2016. This
sampling program was integrated into a long term international program of Svalbard and
Jan Mayen (MOSJ), led by Norwegian Polar Institute (NPI), that focuses on relevant
environmental information to understand the effects of climate change in Svalbard region
at physical, chemical and biological levels.

Kongsfjorden (79°N, 12°E) is a glacial open fjord, located on the west coast of
Spitsbergen, which is part of the Svalbard archipelago in the Arctic Ocean. This transect
is 27 km long, and the region is influenced by both Atlantic and Arctic water masses,
which carries relatively warm and salty water into the west Spitsbergen current [36,40].
Rijpfiorden (80°N 22°30’E) is a fjord at the northern coast of Svalbard, and is oriented
with a wide northward opening towards the cold Arctic Ocean. It is more influenced by
Arctic waters and less influenced by warm North Atlantic waters [52].

xr Transects
Open Ocean gt -
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Figure 1 — Map highlighting the sampling sites of MOSJ-ICE2016 expedition along two oceanographic transects
(Kongsfjorden — western transect and Rijpfjorden — northern transect) in the Marginal Ice Zone around Svalbard. Map
generated by Orange data mining software (version 3.26.0) [79].
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18S Metabarcoding- Sampling Sites: Data acquisition and description
During the MOSJ-ICE2016 expedition, sampling for microplankton

metabarcoding analysis was performed by using the RV Lance as a research platform. It
includes two oceanographic transects crossing Fjord, Coastal and more Offshore ocean
domains along the western (Kongsfjorden) and northern (Rijpfjorden) coast of Svalbard.
A total of 33 sample stations were collected at three distinct depths: surface (2m-5m),
deep chlorophyll maximum (DCM) (17m-50m) and bottom (50m-1035m). For protists
community analysis, between 3 to 5L of water were concentrated through filtration, using
0.22 um Sterivex filters (Millipore) and preserved (-80°C) on board to be used for later
environmental DNA isolation and 18S metabarcoding analysis using specific
methodologies described below [80]. Sampling was performed by a CIIMAR research
team. See the summarized description and the IDs of each sample in table 4
(Kongsfjorden) and table 5 (Rijpfjorden).

Table 4: Coordinates, sampling depth and water filtration parameters from Kongsfjorden stations
Collection filter

Sample ID Latitude Longitude Water Depth (m) Volume Filtrated (L)
pore (um)
G1_S 78,89 12,47 5 0,22 NA
G1_M 78,89 12,47 30 0,22 NA
G1_B 78,89 12,47 65 0,22 NA
KB6_S 79,06533333 4,184166667 2 0,22 1
KB6_M 79,06533333 4,184166667 25 0,22 1,4
KB6_B 79,06533333 4,184166667 50 0,22 1,45
KB3_S 79,05166667 11,1075 5 0,22 1,6
KB3_M 79,05166667 11,1075 50 0,22 1,4
KB3_B 79,05166667 11,1075 332 0,22 1,2
KBO_S 79,05166667 11,1075 5 0,22 15
KBO_M 78,95691667 11,94705 25 0,22 1,6
KBO_M 78,95691667 11,94705 50 0,22 1,63
KBO_B 78,95691667 11,94705 320 0,22 1,83
V12_S 78,93023333 12,38136667 5 0,22 2,345
V12_M 78,93023333 12,38136667 25 0,22 0,835
Vi2_B 78,93023333 12,38136667 200 0,22 2,95
V6_S 78,90683333 7,766666667 5 0,22 3,11
Vé6_M 78,90683333 7,766666667 25 0,22 3,12
V6_B 78,90683333 7,766666667 200 0,22 4,35
HGIV_S 78,97533333 9,485 5 0,22 2,55
HGIV_M 78,97533333 9,485 43 0,22 3

HGIV_M 78,97533333 9,485 50 0,22 3,4
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Table 5: Coordinates, sampling depth and water filtration parameters from Rijpfjorden stations

Collection filter pore

Volume

Sample ID Latitude Longitude  Water Depth (m) .
(um) filtrated (L)
R1_S 80,12558333 22,15266667 5 0,22 1,46
R1 M 80,12558333 22,15266667 17 0,22 2,45
R1 B 80,12558333 22,15266667 168 0,22 2,9
R4_S 80,65566667 22,0855 5 0,22 2,9
R4_M 80,65566667 22,0855 28 0,22 2,4
R4 B 80,65566667 22,0855 124 0,22 1,13
R6_S 81,205 22,11116667 5 0,22 2,8
R6_M 81,205 22,11116667 50 0,22 2,8
R7_S 81,50783333 21,85 5 0,22 2,6
R7_M 81,50783333 21,85 25 0,22 2,4
R7_B 81,50783333 21,85 1035 0,22 4,5

Water Column Physico-Chemical Parameters

Contextualize environmental data was collected at each station by having several
sensors attached to the multi-bottle carousel water sampler generating water column
profiles of Salinity, Temperature, Fluorescence, Chlorophyll, Photosynthetically Active
Radiation (PAR) and Superficial Photosynthetically Active Radiation (SPAR). In addition,
water was collected at selected depths to be analysed in laboratory for Ammonium
(NH4%), Oxygen (Oy), Nitrite (NO>), Nitrate (NO3), Phosphate (PO,3" ) and Silicate (SiO4

). These analyses were performed by the Norwegian Ocean Institute research team.

DNA Extraction, Library Preparation, and Sequencing of SSU rRNA

Amplicons

The Sterivex™ filters stored at -80°C on board were transported to CIIMAR in
frozen conditions. In the lab sterivex filters were defrosted, at room temperature to extract
the total DNA using the PowerWater® Sterivex™ DNA Isolation Kit protocol (MO BIO
Laboratories, Inc., Portugal) following the manufacturer’s instructions.

The target V4 region of 18S rRNA gene was amplified with the primer set
described in Stoeck et al. [72], TAReuk454FWD1 (5° — CCAGCASCYGCGGTAATTCC
— 3’) and TAReukREV3_modified (5 — ACTTTCGTTCTTGATYRATGA - 3’), with the
exception of reverse primer (TAReukREV3_madified) which had an additional TGA
triplet added at the 3’ end compared to the original Piredda et al. [57]. The 18S-V4 rRNA
gene region amplified by PCR was used to build lllumina paired-end libraries sequenced

on an lllumina MiSeq platform using 2 x 300 bp, V3 Chemistry (lllumina). These steps
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were performed by LGC Genomics (LGC Genomics GmbH, Berlin, Germany) and a

detailed description is given in Sousa et al. [80].

Bioinformatics Pipeline: Preprocessing and Taxonomic Assignment
of V4-18S rRNA Amplicons

Upstream Sequence Analysis

The mothur pipeline was used to pre-process the 18S-V4 rRNA amplicons from
the MOSJ-ICE2016 campaign following the MiSeq Standard Operating Procedure (SOP;
https://www.mothur.org; Kozich et al. [81]). Individually, the forward and reverse reads
of each library were joined from raw Illumina fastq files (mothur v. 1.39.5; Schloss et al.
[82]). Merged reads with ambiguities (aka N) and shorter than 300 bp were excluded as
well as the ones with homopolymers (n>8).

The remaining sequences were dereplicated (based on 100% similarity). After
dereplication step, the unique sequences that differ within 3 base pairs similarity from a
more abundant one were clustered together. Chimeric sequences were identified de
novo and removed with UCHIME [83].

Taxonomic assignment of the unique reads (obtained after chimera removing)
was performed using standalone BLAST in BLAST+ suite (Altschul et al. [84]; Camacho
et al. [85]) against the PR? reference database 4.12.0 for mothur [86]. Undesirable
lineages, Metazoa|Fungi|Streptophyta|Ulvophyceae|Rhodophyceae were excluded from
the dataset.

Afterward, a distance matrix was built and the sequences clustered into OTUs
(Operational Taxonomic Units) using 0.01 cutoff values with vsearch [87]. OTUs
containing only one read (singletons) were removed from downstream analyses.
Finally, 18S-V4 OTU table at 99% of similarity was generated and used as input in the

following downstream analysis.

Downstream Sequence Analysis

Taxonomic Composition

The distribution of protists taxa across MOSJ-ICE2016 campaign was analysed
at different taxonomic levels (Phylum, Class, Order, Family, Genus and Specie).
Taxonomic distribution plots were performed using several R-packages, namely,
Phyloseq, ggplot2, tidyverse and scales [88,89,90,91]. The taxonomic profiles of
Kongsfjorden and Rijpfjorden transects were presented in the results section at Phylum,

Class, Family and Genus levels. The distribution of protists taxa across MOSJ-ICE2016
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collection at phylum, class, order, family, genus, specie and OTU levels is provided in
Additional file 1.

Relations between shared OTUs and samples stations

A Venn diagram was performed with the 18S OTU table, to see possible logical
relations between shared OTUs. This analysis was run in the R environment [92] using
the R-packages vegan and venn [93,94].

Diversity, Structure and Environmental Analysis

Alpha-diversity and Beta-diversity were obtained in the R environment [92]. For
alpha diversity, the following estimators Observed (Count of unique OTUs in each
sample - Number of observed samples), Chaol (Abundance-based estimator of species
richness) and Shannon-Index (Estimator of species richness and species evenness)
were run using the R-package vegan [93], for different sampling depths (surface from
2m-5m; Medium referring to deep chlorophyll maximum from 17m-50m; Bottom from
50m-1035m) within the Rijpfjorden and Kongsfjorden transects.

For beta diversity, the analysis was performed using vegdist function in vegan
package. The Bray-Curtis index (based on abundance data) was calculated and then
used in subsequent analysis (clustering, ordination and correlation with environmental
parameters). Cluster dendrograms presenting hierarchically organized samples were
built with the hclust and average method. Also, for multivariate and comparative analysis,
the abundance dataset was normalized with a random subsampling to the median value
of reads in samples with the “rrarefy” function [95,96].

The ordination and correlation with environmental variables between OTU table
were explored with Mantel statistics based on Spearman’s rank correlation and the BIO-
ENV analysis [97] was performed using the Bray-Curtis dissimilarity matrix. Within a set
of environmental variables, BIO-ENV indicates a subset of environmental variables that
shows the highest explanatory values. After the identification of the highest explanatory
values, the environmental analysis was performed using non-metric multidimensional
scaling (NMDS). In addition, a principal component analysis (PCA) was accomplished,
to fully exploit our data in order to analyse a distance matrix to see the distribution of
samples without biological association [92].

The environmental and biological correlations were analyzed in the ORCA
platform. This platform is an R-based scripts workbench with a graphical user interface
that allows to seek meaningful biological and environmental relationships [98]. The rank
of statistics used was Spearman correlations with a level of significance of 95%, among

interest groups of taxa at class level.
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Microscope cell counts and identification
The planktonic protists (PHT and MIT) were collected with the CTD Niskin bottles.

After collection, samples were preserved with glutaraldehyde and hexamine buffered
formaldehyde in final concentration of 0,1% and 1%, respectively and the subsamples
were qualitatively and quantitatively analyzed using protocols described by Utermdhl [99]
and modified by Edler [100]. In the laboratory subsamples were settled in a counting
chamber (Hydro-Bios, Kiel, Germany) for 8-24 h (Edler et al. [101]) and enumeration and
identification were performed at 100-600x magnification using an inverted Nikon Ti-S
and Nikon TE-300 light and epifluorescence microscopes, equipped with DIC and KF
contrasts and picture acquisition system.

The microplanktonic cells (>20 um) were counted from the entire chamber
surface at 100x magnification, while the nanoplanktonic cells (3—20 um) were counted
at 400-600x magnification by moving the field of view along the length of the transverse
transects. Taxa were identified to the lowest possible taxonomic level in accordance with
the World Register of Marine Species WoRMS, (http://www.marinespecies.org) and
grouped into size-classes. However, when it was not possible to have a detailed
identification, specimens were assigned to higher-rank taxa, incertae sedis (i.e., protists,
but not determined to higher rank) or three size classes (3, 3— 7, and >7 ym) in case of
unidentified flagellates (Flagellates indet.) [52].

Afterwards total abundance per liter was calculated based on the investigated
area of chamber surface, chamber volume and chamber conversion coefficient for the
different magnifications (chamber surface to field of view ratio). For biovolume
estimations, taxa were measured and the average cell size was used to calculate the
biovolume from equivalent geometrical shapes [102]. When the measurements were not
possible, mean biovolumes were taken from available HELCOM database
(http://www.helcom.fi/helcom-at-work/projects/phytoplankton) or the Nordic Microalgae
web base (http://nordicmicroalgae.org), developed and operated by the SMHI (Swedish
Meteorological and Hydrological Institute) developed and operated by the SMHI [52].

The microscopic phytoplankton dataset was divided into two categories: PHT
(Phytoplankton) and MIT (Microplankton) with a depth range between 2m and 270m. For
the PHT category, the samples were collected directly from the niskin bottles of chosen
depths. The amount of sample collected was 190 ml (plus 10 ml of preservatives). This
type of samples was counted for qualitative and quantitative data. For MIT samples, the
collection was intended to find big rare species, and thus 24L of water were filtered

through and concentrated in a volume of 90 ml.
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18S Metabarcoding vs Microscopic Analysis - Comparison

A comprehensive comparison between the 18S metabarcoding approach and the
classic microscope cell identification was performed to study in depth the diversity and
distribution of phytoplankton communities in the Arctic Ocean detected by two different
approaches. To this aim, the stations and depths that were not common between the
two methods were excluded from the comparison. However, as the stations where
samples were collected for PHT were different from the MIT stations, the comparison
was made as follows: 18S vs PHT data set (17 common samples) and 18S vs MIT data
(16 common samples). Details on which stations and depths were included in each
comparison is given in the results section. Also, a volume normalization between the
different methods was performed, in order to proceed with the comparison with the equal
volumes. In addition, it's important to highlight that for the methodological comparison,
microscopic abundance data were normalized for the volume of water sample that was
collected during the PHT and in the MIT procedure.

To proceed with the comparison, several steps were followed. First, we identified
the total taxa detected by each method and the most abundant phytoplankton groups
(with a relative abundance >1%) at different taxonomic levels (Phylum, Class, Family,
Genus and Specie). Then, we proceeded with the detection of groups that were present
in both methods taking into account all samples, followed by the detection of matching
groups within the same samples and comparing differences in the relative abundances
of common groups that matched between the same samples.

Finally, we identified the groups that were unique in each methodology at the
highest and lowest taxonomic levels. We emphasize that the relative abundances of
each taxonomic group were determined taking into account the value of the abundance
detected in a given sample station and divided by the total abundance for that same

station, multiplying by 100.
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Results — Part A

Phytoplankton communities distribution across two transects in

Svalbard Coast
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18S rRNA Metabarcoding Data Presentation
The 18S rRNA dataset used in this study was composed of 1.998.533 merged

raw reads. Filtering procedure generated a final curated dataset including 1.653.809
(236.747 unique) sequences. After removal of metazoa and the other undesirable
lineages the number of protist sequences was 802536 (173078 unique). Clustering at
99% similarity produced 25668 OTUs, which after the removal of those OTUs containing
one sequence (singletons) were reduced to 5876 (Table 6). Dataset description of all

individual samples is provided in Additional file 2.

Table 6: Dataset description of 18S raw table to OTU table

Total

Total Total *Total
Total cleaned **OTU after

Total merged raw cleaned Total oTU
cleaned . reads . removal of

Samples reads of all reads protists ) (obtained )
reads* . (protists singleton
groups (protists) ) at 99%)
unique)
33 1.998.533 1.653.809 236.747 802536 173078 25668 5876

*Total cleaned reads, after removing chimeras.
*QOTUs after removal of those containing only one sequence (singletons).

Number of unique and shared protists OTU across transects and

ocean features

The Kongsfjorden and the Rijpfjorden transects shared a total of 1057 OTUs, with
Kongsfjorden showing the highest number of unique protists OTUs (Figure 2a).

Highlighting the number of protists OTUs between the two transects at different
depths, both transects shared 327 OTUs at surface, 287 at deep chlorophyll maximum
and 653 at the bottom (Figure 2).
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Kongsfiorden Rijpfjorden Kongsfjorden_S Rijpfiorden_S

b

Kongsflorden_ Rijpfjorden_M Kongsfioraen_B Rijpfiorden_B

Figure 2 - Venn Diagram analysis. a) All samples from Kongsfjorden vs Rijpfjorden transects; b) Surface samples from
Kongsfjorden vs Rijpfjorden transects; ¢) DCM samples from Kongsfjorden vs Rijpfjorden transects; d) Bottom samples
from Kongsfjorden vs Rijpfjorden transects.

Regarding the characteristics of oceanic features, namely: Fjord, Coastal and
Open Ocean, three venn diagrams were generated (Figure 3). Results showed that the
number of unique protists OTUs decreased from Fjord to Open ocean stations for
samples from both transects together (Figure 3a). In addition, the number of shared
OTUs was higher between Coastal and Open ocean for Kongsfjorden, although an
opposite trend was observed for Rijpfjorden (Figure 3b,c).

a) Both Transects Coastal b) Kongsfjorden Coastal ) Rijpfjorden Coastal

Open_Ocean

Fjord

Figure 3 - Venn Diagram analysis. a) All features from Kongsfjorden vs Rijpfjorden transects; b) Kongsfjorden all features; c)
Rijpfjorden all features.
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Alpha Diversity Measure

Alpha Diversity
Alpha diversity (Observed OTUs, Chaol Index and Shannon Index) for the

protists communities, varied with depth, within Kongsfjorden and Rijpfjorden transects
(Figure 4).

The number of observed OTUs decreased from bottom depth to surface in both
transects, however in Rijpfjorden transect, the DCM and surface depth presented similar
observed OTUs numbers. Regarding the Chaol index, a similar pattern can be verified,
with slight differences between the three depths. As for Shannon measure, it is
noticeable a higher diversity at bottom and DCM depth, which suggest a more even
distribution at the Kongsfjorden and Rijpfjorden transects at these two depths.

We can also notice that Kongsfjorden transect presented higher values regarding

alpha diversity measures, compared with Rijpfjorden transect.

»e

Transects

Alpha Diversity Measure

Depth i Transects

Beta Diversity

Cluster Analysis

A hierarchical cluster analysis with Bray-Curtis distance was performed in order
to understand the similarity of protists community structure across the different samples
(Figure 5). Results from the hierarchical cluster analysis performed for all samples
revealed a similarity pattern between samples that are more offshore (Open ocean), and
between Coastal/Fjord samples, where each group of those samples were placed in

different clusters showing a divergency in terms of protists communities (Figure 5a).
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referring to deep chlorophyll maximum from 17m-50m); (Bottom from 50m-1035m) and within the Rijpfjorden and Kongsfjorden transects.
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Figure 4 - Alpha Diversity (Observed, Chaol and Shannon measure) for the different sampling depths (Surface from 2m-5m); (Medium
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Figure 5 - Hierarchical clustering analysis performed with Bray-Curtis distance. a) Cluster Dendrogram with samples from
both transects and all depths. b) Cluster Dendrogram with samples from both transects at surface depth. c) Cluster
Dendrogram with samples from both transects at deep chlorophyll maximum depth. d) Cluster Dendrograms with samples

from both transects at bottom depth.

When samples were analyzed by depths, the same pattern was generally
observed (Figure 5b,c,d). At surface, samples from Coastal/Fjord were included in the
same cluster, and a second cluster was generated with samples from offshore waters.
As for DCM depth, there is a cluster that includes the majority of the samples (R4_28,
V12 25, KBO_ 25, KBO_50) from Coastal waters, and the other samples were mixed
together with Open ocean samples and Fjord samples. Finally, analyzing only the bottom
samples, three clusters were generated, the first one includes samples from Open ocean
(R7 and V6), the second group includes samples from Kongsfjorden transect (G1, Fjord;
V12, Coastal) and the last group includes samples from Rijpfjorden transect (R1, Fjord;
R4, Coastal). These results suggested that the protists communities are distributed

according to sample depths and ocean features.
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Taxonomic Analysis

Phylum Level
Metabarcoding dataset from MOSJ-ICE2016 showed that protist communities
were distributed within 12 phyla, being Ciliophora and Dinophyceae the most dominant

in all samples across both transects (Figure 6).
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Figure 6 - Taxonomic profile of MOSJ-ICE2016 protists. Relative abundance of protists retrieved from the surface, deep
chlorophyll maximum and bottom depth at Kongsfjorden (on the left) and Rijpfjorden transect (on the right), at phylum

level retrieved from the OTU table assigned with PR? classification.

Phylum Other_Alveolata, was also present in all samples of both transects, and
Hacrobia seems to mark more presence in stations V6_1000 and R7_1035,
representative of more offshore waters. As for the remaining phyla the abundance
distribution was less perceivable, however a closer detail can confirm that in stations
V6_1000 and R7_1035 were the stations with higher number of representative phyla.

26

. Other_Stramenopiles



PORTO FCUP | 27

F FACULDADiDE C'ENC'ATS Biogeography of Arctic Eukaryotic Microbiome: A comparative approach between 18S rRNA gene
HNIVERSIDADE PO ORI metabarcoding and microscopic analysis

Class Level

As for class level, the 18S metabarcoding dataset possesses a repertoire of 22
protists taxa. The different classes were superimposed in a nonmetric multidimensional
scaling (NMDS) plot, in order to have a better insight on the distribution of the different
classes within the different samples from both transects. When analyzing the NMDS, we
can clearly see a differentiation between samples from the two transects, with the
exception of the R7_5 station. From the 22 taxa at class level retrieved from the OTU
table, Chlorophyta, Ciliophora and Dinoflagellata dominate and are cosmopolitan
distributed within stations from both transects (Figure 7).
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Figure 7 - Taxonomic profile of MOSJ-ICE2016 protists, retrieved from the surface, deep chlorophyll maximum and bottom depth at Kongsfjorden
and Rijpfiorden transect, at class level retrieved from the OTU table assigned with PR? classification presented with NMDS of individual taxa of

protists.

However, when it comes to the remaining class, some are more representative
of Kongsfjorden and others from Rijpfjorden transects. For example, Alveolata X, was
not very dominant and seems to appear closer to the fjord and the coast in the two
transects, but with more representativeness in Kongsfjorden. Apicomplexa,
Apusomonadidae, Centroheliozoa were also not very dominant, and its presence was
more evident in Rijpfjorden transect, with the exception of Apusomonadidae which reveal
to be more present in Kongsfjorden.

Similar patterns can be observed in certain classes, such as Cercozoa,

Choanoflagellida, Ochrophyta, Opalozoa, Picozoa, Pseudofungi, Radiolaria, Sagenista
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and Stramenopiles_X, where they were mainly distributed across Kongsfjorden transect.

On the other hand, Haptophyta revealed an opposite pattern (mainly distributed in

Rijpfjorden) and Cryptophyta seems to occur in samples from Kongsfjorden and

Rijpfijorden, especially the ones located in Coastal/Fjord stations.

Finally, Katablepharidophyta, Mesomycetozoa, Perkinsea and Telonemia

classes were more dominant in the Open ocean in deeper stations, R7_1035 and

V6_1000.

Family Level

Concerning the taxonomic family level, the dataset possesses a repertoire of 80

taxa, and the most dominant families in both transects were:

Dinophyceae,

Cyclotrichium_like _organism, Nassophorea, Picozoa_X and CONThreeP (Figure 8).

Once again, stations V6_1000 and R7_1035 were found to be the stations with

high number of taxa diversity.
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Figure 8 - Taxonomic profile of MOSJ-ICE2016 protists. Relative abundance of protists retrieved from the surface, deep

chlorophyll maximum and bottom at Kongsfjorden (on the left) and Rijpfjorden (on the right). Relative abundance of family

level condensed into low abundance (<1%) retrieved from the OTU table assigned with PR? classification.
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Taxonomic analysis at lower taxonomic level identified a total of 407 genus of

protists in 18S metabarcoding dataset (Figure 9). Dinophyceae XXX was found to be

the most dominant and cosmopolitan genus across all

stations from both

transects. Cyclotrichium, NASSO_1, Picozoa_XXX and Askenasia were also found to

be highly abundant genus in MOSJ-ICE2016, although not presented in all stations.
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Figure 9 - Taxonomic profile of MOSJ-ICE2016 protists. Relative abundance of protists retrieved from the surface, deep
chlorophyll maximum and bottom at Kongsfjorden (on the left) and Rijpfjorden (on the right). Relative abundance of genus

level condensed into low abundance (<1%) retrieved from the OTU table assigned with PR? classification.

Correlations between the different groups of protists

Spearman's correlations between the different taxonomic groups at phylum and
class level are presented in figures 10 and 11, respectively. Interestingly, this analysis
showed that all the significant correlations between the different phyla and classes were
positive. There are however, certain taxa that are stronger correlated than others (e.g.
at phylum level, Archaeplastida, Ciliophora, Other_Alveolata, Other_Stramenopiles,
Rhizaria and Syndiniales); (e.g. at class level, Apicomplexa, Chlorophyta, Ciliophora,

Picozoa and Sagenista).
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Environmental controls on phytoplankton community’s distribution

Environmental data presentation

Physical and chemical environmental contextualized data for Kongsfjorden and
Rijpfijorden stations is given respectively in table 7 and table 8. Starting with the physical
conditions, regarding temperature, comparing both transects the Kongsfjorden (western
transect) registered higher temperatures than Rijpfjorden (northern transect) and the
same can be observed for the salinity parameter, with the exception of KB6_2 (Fjord)
which is highly influenced by glacier water inflow presenting the lowest value for salinity.

In the western transect, the station located in Open ocean (HGIV) registered the
lowest values for oxygen and at the northern transect the lowest values of oxygen was
registered at the Coastal station (R4). In general, the PAR and SPAR values were higher
in Kongsfjorden and regarding the fluorescence parameter it's in the Rijpfjorden that
highest value were registered, but the rest of the values were found to be lower than in
Kongsfjorden.

In what inorganic nutrients is respect, higher availability of Ammonium (NH,*)
was registered in Rijpfjorden transect, R4_124 and in the Fjord/glacier, G1_5. As for
nitrite (NO2-) stations from the western transect, showed higher concentrations at
KB3_332 and V6_200, and for the northern transect higher nitrate levels were registered
at R1_168. Concerning nitrate (NO3-), in both transects these levels increased with
depth, with the exception of G1_5, which was higher at the surface in this glacier station.
For, Phosphate (PO,37) it was also registered an increased with depth, with the exception
of G1_5, in both transects. Silica hydroxide Si(OH)4 increases also with depth in the
northern transect and as for the western transect the same trend was observed, with the
exception of KB6_2.

Comparing both transects, Chlorophyll a shows generally higher values at
surface and medium depths (DCM). The same trend was observed for Rijpfjorden, with
the exception of station R7_25, where Chlorophyll a increased as the depth increased.

Also, offshore stations presented lower Chlorophyll a concentrations.

FCUP
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Table 7: Physical and Chemical parameters from Kongsfjorden stations

Samble I GL Gl GI_ KB KB6 KB6 KB KB3 KB3_ KB KBO KBO KBO_ VI2 VI22 VI21 V6_ ., V620 HGI HGIV HGIV
P 5 30 65 62 25 50 35 50 332 05 25 50 320 5 5 000 5 — 0 V5 43 50
Tem‘(’féft“re ND ND ND 527 356 391 398 454 198 574 483 483 18 794 564 29 794 564 292 7.18 553 532

Salinity ND ND ND 27.6 335 347 315 347 349 344 347 347 349 346 3501 349 346 35.01 349 347 35.02 35.07

Oxygen (mL.L"

1) ND ND ND 266 253 247 267 248 249 247 246 246 251 246 237 245 246 237 245 2,08 209 202

2 PAR (ulI)E.m'z.s' ND ND ND 1.51 1;c1)(2)e 1;c1)(2)e 83.5 05.3?35 68,54 o.;w 0.22 0.22 6 65 7.;)1 8(.98_8(1)9 1.9(?230 7\(.)31 8;3_229 12220 2%.1 1668 0851
o 3.1261
SPAR ND ND  ND 1529. 1672.0 161.0 085 9828. 1856 5:52 5?60 5?60 59542 3&3 2(.9?%18 o1 3363 Z(ﬁ%iS 3(.51;20611 6985. 69;.0 201.4
Flu((r)r:;s;ir)]ce ND ND ND 1.929 0.1304 o.cé57 7(.1175 06223 o.égs o.(-c;s 1.34 1.34 0.455 %.gf 2.37737 2.4f73 %.gf 2.37737 2.4;373 O.Zl 0084 1468
Amr(‘:f,z/’l‘)i“m 4"15 2.9 257 153 276 220 148 174 075 082 106 106 028 013 009 101 013 009 101 015 012 0.12
Nitrite (uM) 041 Oil 01 006 015 0.5 007 007 055 006 011 0.11 045 006 006 051 006 006 051 006 0.09 0.09
g Nitrate (M) 1.4 09 09 05 15 14 07 1 106 13 15 15 107 05 0.8 91 05 08 91 05 119 119
% Ph(zzmate 0%1 0;11 Oél 006 018 034 013 024 092 015 019 019 087 008 017 071 008 017 071 009 084 084
é” Silicate (M) 1(')5 1(')4 17 28 15 15 17 16 81 14 15 15 63 070 070 350 070 070 350 11 45 45

Chla(mg.m® ND ND ND 082 011 0.06 082 0.17 0.10 0.77 052 052 134 034 0.97 0.44 034 097 0.44 041 0.28 0.28

Phaeopigment

(mg.m") ND ND ND 0.72 012 010 0.74 028 0.23 0.63 043 043 127 027 061 051 027 061 051 030 033 0.33

ND - Not Determined.
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Table 8: Physical and Chemical parameters from Rijpfjorden stations

Sample ID R1 5 R1_17 R1_168 R4 5 R4 28 R4 124 R6_5 R6_50 R7 5 R7_25 R7_1035
Temperature (°C) 5.18 4.66 -1.61 4.14 3.68 1.49 4.14 2.39 1.19 -0.03 -0.55
Salinity 329 34.08 34.9 34.05 34.7 34.8 32.02 34.8 31.6 34.2 34.9
Oxygen (mL.L™) 2.37 2.38 2.49 231 2.24 2.24 2.49 2.40 2.49 2.40 2.49
PAR (LE.m2.s?) 11.18 0.924 1.00e-12 52.04 6.995 1.00e-12 60.47 1.9 26.29 5.130 1.00e-12

= SPAR 65.99 66.53 85.68 181.9 203.1 198.9 205.25 189.35 89.30 89.94 90.02
(&]
‘®
2 Fluorescence (mg.m=) 1.001 3.169 0.031 0.219 1.372 -0.046 0.047 0.262 0.065 0.847 -0.117
o
Ammonium (uM) 0.03 0.02 0.87 0.40 1.06 4.27 0.06 1.27 0.24 0.51 0.13
Nitrite (uM) 0.06 0.06 0.36 0.06 0.06 0.12 0.06 0.1 0.06 0.06 0.06
Nitrate (M) 0.5 0.5 9.9 0.5 1 5.9 05 5.1 0.5 1.7 14.4
= Phosphate (uM) 0.09 0.11 0.88 0.06 0.15 0.59 0.06 0.56 0.11 0.26 1.10
(S]
% Silicate (UM) 1.6 1.6 5.1 0.8 2 34 1.2 22 15 1.8 10.3
c
= Chl a (mg.m?) 1.30 1.44 0.07 0.18 0.07 0.04 0.22 0.08 0.47 0.59 0.12
Q
_8’ Phaeopigment (mg.m-%) 0.77 0.74 0.18 0.12 0.07 0.09 0.14 0.08 0.26 0.52 0.13
0
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From the PCA (Principal component analysis) plot (Figure 12), we can verify that

the stations of both transects are all very close to each other, especially the stations with

bottom depths, except R4_124 and KBO_320. Analyzing carefully, we can verify once

again that stations R7_1035 and V6_1000 remained together and concerning the

stations from DCM and surface depth they are all mixed together.

The stations from DCM and surface depth seems to be strongly influenced by

environmental parameters, such as NH4, SPAR, PAR, Temperature, Fluorescence,

Chlorophyll a, and Phaeopigment. The stations at bottom depth seem influenced by
Salinity, PO4, Si(OH)4 and NO2, except R4_124 and KB0_320.
From the PCA correlations (Table 9), PC1 (Comp. 1) explains approximately 33%

of the variation between the samples distributions, and PC2 (Comp. 2) explains about

17%. In light of the above, the two axes combined explain exactly 50% of the variance.

PC1 seems to be more correlated with the environmental variables rather than PC2.
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PCA (Principal Component Analysis) of environmental data of protists collection of all samples.
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Table 9: PCA correlations of both transects

Environmental Data Comp. 1 Comp. 2
Temperature 0.336 0
Salinity -0.221 0
Chil_a 0.235 0.555
Fluorescence 0.210 0.232
Oxygen 0 0.142
PAR 0.234 -0.123
SPAR 0 -0.216
NH4 0 -0.248
NO2 -0.274 0.222
NO3 -0.442 0.141
PO4 -0.458 0.124
Si(OH)4 -0.417 0.164
Phaeopigment 0.160 0.587

Also, principal component analysis was performed for each transect to identify
the environmental parameters that better explained the variation between stations.
Results revealed that bottom samples from Kongsfjorden transect, were more influenced
by NO3, PO4, Si(OH)4 and NO2, while samples collected at DCM and surface depths
were more influenced by the remaining environmental parameters (Figure 13a). In this
analysis PC1 (Comp.1) explains approximately 33% of the variations between samples
and PC2 (Comp. 2) explains about 17% (Table 10).

Regarding the PCA plot for Rijpfjorden stations (Figure 13b), once again the
bottom samples were more influenced by PO4, NO3, Si(OH)4, with exception of the
sample R4_124 where the DCM and surface depths were more influenced by the
remaining variables. In the PCA analysis for Rijpfjorden transect, PC1 (Comp. 1) explains
44% and PC2 (Comp.2) explains about 23% of the variation between samples (Table
11).

FCUP
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Figure 13 - a) PCA (Principal Component Analysis) of environmental data for Kongsfjorden transect. b) PCA (Principal Component
Analysis) of environmental data from Rijpfjorden transect.

Table 10: PCA correlations analysis of Kongsfjorden

Environmental Data Comp. 1 Comp. 2
Temperature 0.369 0.245
Salinity -0.197 0.281
Chl_a 0.147 -0.481
Fluorescence 0.192 -0.158
Oxygen 0 -0.413
PAR 0.225 -0.128
SPAR 0 -0.686
NH4 0.108 0
NO2 -0.300 -0.237
NO3 -0.452 0
PO4 -0.464 0.109
Si(OH)4 -0.430 -0.118
Phaeopigment 0 -0.550
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Table 11: PCA correlations analysis of Rijpfjorden

Environmental Data Comp. 1 Comp. 2
Temperature 0.369 0.119
Salinity -0.276 0.198
Chl_a 0.278 -0.368
Fluorescence 0.249 -0.166
Oxygen -0.121 -0.452
PAR 0.228 0
SPAR 0 0.561
NH4 -0.160 0.459
NO3 -0.441 0
PO4 -0.448 0
Si(OH)4 -0.400 -0.175

Relationships between environmental data and protists distribution

Regarding the NMDS analysis, surface and DCM samples were grouped
together and seems to be influenced by Salinity, Temperature, NH4, NO2 and
Oxygen and the bottom samples seems to be more influenced by PO4, NO3 and
Si(OH)4 (Figure 14).
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Figure 14 - NMDS (nonmetric multidimensional scaling) of protists collection for all samples.
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The NMDS analysis performed only for Kongsfjorden stations (Figure 15a)
showed the same pattern registered for all samples together (Figure 14) with the surface
and DCM samples being influenced by Temperature, Salinity, NH4 and Oxygen and the
bottom samples influenced by NO3, PO4, Si(OH)4. In parallel, NMDS analysis performed
for Rijpfjorden transect (Figure 15b) samples showed that bottom and DCM samples
seems to be influenced by NO3, PO4 and Si(OH)4, and regarding some of the surface
and DCM samples were influenced by Oxygen and Temperature.
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Figure 15 - a) NMDS (nonmetric multidimensional scaling) of protists collection for Kongsfjorden transect; b) NMDS (nonmetric multidimensional

scaling) of protists collection for Rijpfjorden transect.

In order to understand the protists distribution association with the environmental
gradients, Spearman correlations between the different protists groups at class level and
the environmental variables were made (Figure 16). Results demonstrated that in
general the different protists groups were significantly and positively correlated within the
availability of nutrients and with the water column oxygen concentrations. As for PAR,
we can verify that was negatively correlated with almost all protists classes. The same
was true for Fluorescence, Temperature, Chl_a and Phaeopigment (Figure 16), where
no significant trends were observed or significant negative correlations were registered,

according with the protist group.
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Figure 16 - Spearman’s correlations between the different classes and environmental parameters.

Results of environmental and protists correlations also revealed that there were
some protist classes that were strongly positively influenced by nutrients and oxygen and
negatively correlated by the remaining parameters, although another group of protists

classes seems to be apparently less influenced by these variables (Figure 17).
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Protists Diversity and Composition across Arctic Marginal Ice Zone

using Metabarcoding Approach

Protists diversity across Arctic environments at the Marginal Ice Zone (MIZ)
revealed the existence of about 5876 different OTUs at 99% similarity, in a total 33
samples collected across different water column depths.

OTU-based approach is used to differentiate species or taxa based on similarity
to a specific sequence and then grouping them under similarity cutoffs. In literature,
different authors highlighted distinct thresholds for OTU clustering, using commonly the
cutoff range from 95 to 99% [76,103,104,105]. Previous studies mentioned that the OTUs
threshold at 95% of similarity, was often deliberately chosen to produce a more
conservative estimator of species richness for eukaryotes [57,103,106]. Traditionally, a
97% cut-off threshold has been used in metabarcoding studies and commonly applied
for OTU clustering in protists [76,105,107,108]. Higher thresholds, as 98% and 99%, are
more stringent and more capable of recovering rare taxa detection by providing a better
resolution of species-level assigning sequences [104,107,109]. However, it should also
be considered that cut-off ranges depend on the variability of the chosen marker tag
between taxa, and when it possible they need to be linked with ecological and
physiological traits of species for proper identification [110].

The protist-focused metabarcoding approach used in this study targeting the V4
region of the 18S rRNA gene, using PR? reference database, revealed that the Arctic
eukaryotic dataset comprises highly complex and diverse protists community structure.
Numerous authors emphasize in their studies that the V4-18S and V9-18S region are
the most suited regions in metabarcoding surveys for assessing the diversity of microbial
eukaryotes [61,76,111,112]. Notwithstanding, some studies pointed out that the V4
region contributed to a greater knowledge of metabarcoding advances for biogeography
and ecology studies with aim to uncover protistan diversity and decode their process and
patterns of environmental eukaryotic diversity [113,114]. Particularly for studies that aim
to access ciliates, diatoms and dinoflagellates the V4 region is a promising candidate,
especially at higher level [61,77,115,116].

Moreover, other studies that compare the V4 and V9 region, although reporting
similar patterns for the two marker tags, highlighted that the V4 region, that is the longest
variable region in the rRNA gene (350 to 450 nt), provides an higher taxonomic resolution
often to species or genus-level and it allows also an accurate taxonomic placement for
unassigned HTS-amplicon sequences [57,112,117].

The unique and shared protists OTUs between Kongsfjorden and Rijpfjorden

transects were detected, through venn diagrams, and results showed that samples from
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Kongsfjorden transect presented higher number of OTUs compared with Rijpfjorden and
bottom samples were the ones that had higher shared OTUs. When the same venn
analysis was performed for the different oceanic features (Fjord, Coastal and Open
Ocean), it was detected a decrease of uniqgue OTUs from fjord to open ocean when all
samples were analysed together and in Kongsfjorden samples. Although in Rijpfjorden
open ocean showed higher unique OTUs. So, overall, when analysing both transects,
fjord samples were found to include more unique protists OTUs, which was also evident
when only Kongsfjorden samples were included in the venn diagram. In addition, higher
number of unique protists OTUs was recorded in Kongsfjorden coastal waters than in
Rijpfjorden coastal waters which could reflect that the Kongsfjorden transect is much
more dynamic in temporal terms, because the fjord glaciers are regressing at a very
accelerated rate and are also influenced by the infiltration of warmer and denser North
Atlantic waters [36]. Also, the influence of distinct water masses in Kongsfjorden and
Rijpfijorden region as well the influence of different melting glacier rates in both fjords
could explain the distribution of unique OTUs adapted to the different transect studied
and/or oceanic features.

In fact, three distinct water masses, regarding temperature and salinity properties,
can be differentiated in our investigated area [80]: a surface layer of less saline and
colder polar surface water (PSW), an intermediate layer of modified Atlantic water
(MAW), separated from the fresher PSW by a sharp halocline, and lastly, a deeper layer
of Atlantic Water (AW). Thus, the extreme stressors caused by global warming which is
more evident in the Kongsfjorden transect [45] could support our results in terms of
different unique OTUs observed between the two transects regions studied. Also, in
Kongsfjorden coastal and open ocean waters the number of shared OTUs was higher
than coastal and fjord waters, leading to support the idea that open ocean and coastal
stations shared more similar water masses. A recent study performed by Zheng et al.
[118] mentioned that the AW (Atlantic water) brought many species into the intermediate
waters where they had the largest species numbers and in TAW (transformed Atlantic
Water), where they found greatest biodiversity [118]. The situation in the Rijpfjorden
transect was different, the highest number of unique protists OTUs was detected in open
ocean waters and coastal and fjord stations shared a highest number of protists OTUs.
This can be explained by the high stability of the glaciers in Rijpfjorden, and a more
uniform influence of polar water masses [52,119,120].

Overall, in light of the above, these results suggest that in Kongsfjorden transect
the protists community are more influenced by different water masses (including North

Atlantic waters) and also by the strong influence of glacier materials and freshwater input

FCUP | 42

Biogeography of Arctic Eukaryotic Microbiome: A comparative approach between 18S rRNA gene
metabarcoding and microscopic analysis



[BAPORTO

fiC

FACULDADE DE CIENCIAS
UNIVERSIDADE DO PORTO

in the fjord, which appears to result in overall high numbers of OTUs. In Rijpfjorden
transect, the protists community seems to be more connected with Kongsfjorden transect
in open ocean stations, mainly in the deeper station where the connectivity is evident
due to the higher number of shared OTUs, suggesting higher stability in terms of
environmental characteristics between these two stations. This can be explained by the
fact that both open ocean stations from Rijpfjorden and Kongsfjorden are influenced by
the same water mass (North Atlantic water mass), characterised by warmer and salty
waters, with associated more similar protists communities.

Regarding the alpha diversity results, the observed OTUs, Chaol and Shannon
indexes increased with depth, with more richness observed at DCM and bottom depths.
Beta diversity analysis revealed that samples were grouped according with depth and
oceanic features, with only a few overlaps between coastal and fjord samples. While
there is a lack of research relating the protists community distribution across water
column depth [80], there are some studies demonstrating a general trend towards higher
diversity of microeukaryotes in deeper water column samples [80,121,122,123]. Given
the above, our results show strong evidence of a diverse community structure, with a
marked biogeographic pattern of the protists communities along the Svalbard MIZ with
a clear trend of depth-dependency along the water column regarding both transects.

The most dominant phylum, recovered from V4-18S metabarcoding, was
Ciliophora, followed by Dinophyceae. These phyla were present in all samples from
Rijpfjorden and Kongsfjorden transects. The dominance of these phyla, belonging to the
superphyla Alveolata are in agreement with results from previous studies focused on
protists diversity, that indicated a great dominance of Alveolata-related sequences
identified as Ciliophora and Dinophyceae in the Arctic Ocean [51,124,124]. In fact, a
report of the state of Arctic marine diversity (source of MOSJ) mentioned that these
particular taxa often show a consistent pattern of dominance in both Kongsfjorden and
Rijpfjorden transect [33]. This result is also supported by different studies performed
around Svalbard waters that reported Ciliophora and Dinophyceae as dominant groups
[33,53,125].

Regarding class level, there was a prevalence of Chlorophyta, Ciliophora and
Dinoflagellata in the two Svalbard fjords studied. Some taxa tend to be more
concentrated in Kongsfjorden transect than in Rijpfjorden, like Haptophyta. This
suggests that there is a tendency of a dominant distribution of some taxa in Kongsfjorden
transect rather than Rijpfjorden. A possible explanation for this different trend, could be
that the influx of North Atlantic waters is more intense in Kongsfjorden region [33].

Likewise, the protists community from Kongsfjorden are subject to less environmental
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stability because of the seasonal hydrographic variations triggering protists communities
to react to these climate-driven changes [125].

As for family and genus level, Dinophyceae and unclassified Dinophyceae_XXX
remained the dominant groups in the eukaryotic libraries of MOSJ-ICE2016 collection.
This taxonomic profile is quite similar to Sousa et. al [80] which also detected that
phylotypes associated with Dinophyceae dominated most of their 18S rRNA libraries
[80]. Also, Mordret et. al [77] referred that the taxonomic annotation of dinoflagellates at
family level is problematic because there are still unresolved phylogenetic relationships
within genera. Deeper clarification about this issue can be seen in this previous study
which provides a taxonomically curated 18S rRNA reference database of dinoflagellates
[77].

Interestingly, the significant correlations between the identified taxonomic groups
at phylum and class level showed that all the significant relationships identified were
positive, suggesting that those protists groups are dependent on each other and/or
respond in the same way to the environmental gradients of the studied region. These
results also highlight an absence of taxa exclusion due for example to competition.
Consequently, results together suggest that protists from MIZ have somehow the same
distribution dynamics where biological and physical/environmental gradients may role its
distribution in the same way [126].

Environmental parameters analysis between both transects, showed that
Kongsfjorden transect stations are characterized by higher values of temperatures and
salinity than Rijpfjorden, supporting that the western transect is more influenced by the
“atlantification” process, rather than the northmost transect, which marks a more Arctic
habitat environment, with cold Polar waters, less dense and salty [52,120]. From the PCA
and NMDS analysis, the environmental gradients and the nutrients became relevant in
this context. A clear separation of bottom samples with DCM and surface depths was
noticed, where the biogeochemical gradients (nutrients) seems to influence more the
protists distribution in deeper samples and the physical gradients (e.g. temperature,
salinity) seems to influence the distribution of protists communities at the surface and
DCM samples. As for correlations between taxa and environmental parameters is
respect, our results revealed clear positive and significant correlations with nutrients and
negative correlations with PAR. This suggests that nutrients availability somehow seems
to stimulate the occurrences of several taxonomic groups and PAR can decrease the
occurrences of many protists groups that have been identified. This is in agreement with
previous studies that point out that during the melting season in summer, the glacial

runoff and the entrance of freshwater from the melting of Greenland ice sheet provokes
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a large incoming of nutrients that could influence and stimulate the primary production
[36,126]. For PAR, our results may be explained by the fact that most primary producers
are affected by excessive light intensity, requiring optimal light intensity conditions for
photosynthesis to happen [127].

Another important finding is that the deeper stations from Kongsfjorden and
Rijpfjorden (V6_1000 and R7_1035), seems to be connected in terms of the taxonomic
community profile, where some taxa tend to be more concentrated in those
samples. Indeed, our analysis revealed that these samples are characterized by a
greater diversity of protists, shared a high number of protists groups, and showed
separate trends in terms of protists community composition when compared with DCM
and surface stations. As stated above the protists communities similarities between
stations V6_1000 and R7_1035 is most likely related with the influence of North Atlantic
Water masses in both regions, which in the Rijpfjorden is only evident at R7 bottom
station. Higher nutrients availability at bottom depths and more environmental stability in
the deep Arctic ocean may also explain the increase of protists diversity with depth
[128,129,130].
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Methodological comparison between microscopic PHT and 18S

metabarcoding

A total of 17 samples were included for methodological comparison between 18S
metabarcoding and microscopy protists identification. Ten of which belong to
Kongsfjorden transect and seven belong to Rijpfijorden. The depth range of these

samples was from 2m to 50m, mostly surface and DCM samples (Figure 18).

Kongsfjorden Transect Rijpfijorden Transect

» KB6_2
R1 5
Total samples - 17 samples. KBG6_25
R4 5
KB3 5
L
KB3_50 28
Kongsfjorden fransect - 10
samples. KBO_5 R6_5
iy KBO_25 R6_50
Rijpfjorden transect — 7 V12 5 R7 5
samples. -
V12 _325
- R7_25
V6 5
Depth — 2m, 5m, 25m, 28m
and 50m. Ve_25

Figure 18 - Data information of the common samples stations and depths used for methodological comparison between

18S metabarcoding and microscopic PHT for community phytoplankton analysis.

Groups of phytoplankton identified in both methodologies

Within the microscopy dataset from the 17 samples, a total of 12 taxa were
identified at phylum and class levels, 60 taxa identified at genus level and 101 taxa at
species level. As for 18S metabarcoding, a total of 91 taxa were detected at higher level
(phylum, class and family levels), 273 at genus level and 342 at species level (Figure
19). All the identification of phytoplankton groups in both methodologies, as well the

percentage of abundance recovery is provided in Additional file 3.
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Figure 19 - Diagram with the total number of detected phytoplankton groups in the different methodologies at higher and lower

taxonomic levels (18S vs PHT).

Regarding the microscopy methodology at higher level, of these 12 detected taxa,
3 were assigned as uncertain taxa or incertae sedis, respectively, Dinoflagellata incertae
sedis; Incertae taxa; Eukaryota incertae sedis. The most abundant taxa according to the
total relative abundance in all samples, belongs to: Eukaryota incertae sedis (25,53%),
Dinophyceae (24,20%), Prymnesiophyceae (19,78%), Cryptophyta (8,47%) and
Pyramimonadophyceae (7,03%). In 18S metabarcoding methodology in the same 17
samples, 11 phyla were identified, being the most abundant: Ciliophora (61,21%);
Dinophyceae (22,77%) and Other_Alveolata (14,80%) (Additional file 3).

Bearing this in mind, the taxonomic distribution was made for the two transects
and for all samples for both methods, however only the distribution at higher level will be
presented in this section, that is, in microscopy method the distribution of class/phylum
and in metabarcoding only the phylum level (Figure 20). The distribution of the protists

groups within the remaining taxonomic levels at higher level between 18S and

microscopic PHT is provided in Additional file 4.

Kongsforden_18SPhylum Rijpfjorden_PHT Rijptiorden_185Phylum
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Figure 20 - Taxonomic protists distribution at higher level (Microscopy PHT - Class/Phylum; Metabarcoding — Phylum) of
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Continuing with the metabarcoding approach, at class level, 20 taxa were
recovered, in which the classes identified with the highest relative abundances were:
Ciliophora (61,21%); Dinoflagellata (23,53%); Apicomplexa (10,05%) and Alveolata_X
(4,75%). And at family level, 60 taxa were detected in the 17 common samples and the
highest taxa were: Dinophyceae (22,77%); Cylotrichium_like_organism (18,05%);
Nassophorea (12,86%); Spirotrichea (11,77%); Gregarinomorphea (10,05%);
CONThreeP (8,71%); Oligophymenophorea (7,71%); Ellobiopsidae (4,75%) and
Phyllopharngea (1,57%) (Additional file 3).

In microscopy approach, the genera with highest relative abundances were:
Phaeocystis (15.45%); Gymnodinium (11.46%); Pyramimonas (7.03%); Heterocapsa
(4.08%); Protodinium (3.50%); Dinobryon (2.85%), Teleaulax (2.85%); Gyrodinium
(2.37%); Prorocentrum (2.13%), Rhizosolenia (2.02%). In 18S metabarcoding analysis
a total of 273 taxa were detected and the genera with total relative abundances were:
Dinophyceae XXX (25,30%); Cyclotrichium (16,53%); NASSO_1 (12,11%); Askenasia
(6,79%); Thalassomyces (5,44%); Gregarines_ GRE2_XX (5,33%); Chromidina (2,86%);
Gregarines GRE1 XX (2,51%); Philasterida X (2,43%); Leegaardiella (2,29%);
Strombidiidae_B_X (1,49%); PHYLL_4 X (1,33%); Urotricha (1,18%); Lankesteria
(1,18%); Strombidium_K (1,09%) and Strombidiiae_H_X (1,07%) (Additional file 3).

Finally, for species level, in microscopy approach a total of 101 taxa were
detected, being 60 species identified and the remaining 41 were descripted with “sp” or
“indet”. The more relevant species in terms of relative abundances were: Phaeocystis
pouchetii (15,31%); Heterocapsa rotundata (3,80%); Protodinium simplex (3,70%);
Dinobryon balticum (2,85%); Prorocentrum cordatum (2,10%); Leucocryptos marina
(1,97%); Gymnodinium galeatum (1,97%); Gymnodinium gracilentum (1,34%) and
Rhizosolenia hebetata (1,19%). For metabarcoding, a total of 342 taxa were recovered
at taxonomic species level, being 137 species identified and the remaining 205
descripted with “"sp”. From these 137 species, the ones that presented highest relative
abundances were: Thalassomyces_fagei (1,29%); Lankesteria_cytodytae (1,23%) and
Strombidium_capitatum (1,16%) (Additional file 3).

Overall, the microscopic approach identified Dinophyceae as the dominant higher
level taxa and Ciliophora was identified as the dominant taxa by the 18S metabarcoding
approach. At genus level, the most abundant group detected in microscopy was
Phaeocystis and in metabarcoding was Cyclotrichium. Finally, for species level the most
abundant in microscopy was Phaeocystis pouchetii while in metabarcoding,

Thalassomyces_fagei dominates.
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In light of the above, these results demonstrate that the identification and
characterization of the phytoplankton groups was quite different when using these two
different methodologies. Several groups were identified under metabarcoding that were
not found in microscopy, as for the other way around. However, there were groups that
matched between methodologies that will be presented in the following topic.

Groups of phytoplankton that were identified in microscopic PHT and 18S
metabarcoding methodologies

Taking all samples into account and identified groups, between the 12 taxa found
in higher level of microscopic analysis and of 91 taxa found in 18S metabarcoding, the
number of matching taxonomic groups was 8. At lower level, between the 60 taxa
identified at genus level by microscopic analysis and 273 genus level using 18S
metabarcoding, the number of matching presences was 29. In what species is respect,

the number of matching presences between both methodologies was 10 (Figure 21).

PRESENCE

HIGHER LEVEL

12 taxa
1 MICROSCOPIC g METABARCODING
GENUS HIGHER LEVEL HIGHER LEVEL
. MICROSCOPIC PHT
/ 60 taxa
SPECIES
101 taxa
METHODOLOGY
| MICROSCOPIC || 5g METABARCODING
HIGHER LEVEL GEMUS LEVEL GENUS LEVEL
01 taxa i
b
185 GENUS
METABARCODING 273 taxa
MICROSCOPIC METABARCODING
BEEEIES SPECIES LEVEL 10 SPECIES LEVEL
342 taxa

Figure 21 - Diagram showing the number of the detection of protists groups at different taxonomic levels and number of

matching taxa that were present in both methods and in all samples (18S vs PHT).

Analyzing in detail the common highest taxonomic level groups registered with
18S metabarcoding and microscopic methodologies (Table 12) we can observe that
Bacillariophyceae was detected in microscopic analysis, and also in 18S metabarcoding
at phylum and family levels (Bacillariophyta). Choanoflagellatea and Chrysophyceae

was detected in 18S metabarcoding at family level. Ciliophora was detected at phylum
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and class level, and Cryptophyta only at class level in 18S metabarcoding method.
Dinophyceae can be detected at phylum and family level, and finally, with regard to

Prymnesiophyceae and Pyramimonadophyceae only were detected at family level

FCUP
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(Pyramimonadales).

Table 12: Presence/Absence of higher level groups in both methods
Microscopic_PHT

Higher Level

18S Metabarcoding and Taxonomic levels

18S Metabarcoding_Phylum

18S Metabarcoding_Class

18S Metabarcoding_Family

Bacillariophyceae
Choanoflagellatea
Chrysophyceae
Ciliophora
Cryptophyta
Dinophyceae
Prymnesiophyceae

Pyramimonadophyceae

At lower level, as we can see from the results above, the number of matching

presences between the two methodologies were 29 regarding genus level, and 10

regarding species level (Table 13).

Table 13: Taxa that were present in both methods at lower level

Algirosphaera
Amphidoma
Azadinium
Chaetoceros
Chrysochromulina
Coccolithus
Corethron
Cylindrotheca
Dinophysis
Eucampia
Gymnodinium
Gyrodinium
Heterocapsa
Laboea

Leegaardiella

Genus

Navicula
Nitzschia
Pelagostrobilidium
Phaeocystis
Prorocentrum
Pseudo-nitzschia
Pyramimonas
Rhizosolenia
Rhodomonas
Strombidium/Strombidium_K/Strombidium_M
Synedropsis
Teleaulax
Thalassiosira

Tintinnopsis/Tintinnopsis_05/Tintinnopsis_07

Species
Algirosphaera robusta

Chaetoceros decipiens

Chaetoceros tenuissimus

Coccolithus pelagicus

Cylindrotheca closterium

Gyrodinium fusiforme
Heterocapsa rotundata
Laboea strobila

Phaeocystis pouchetii

Pseudo-nitzschia granii

Note: Strombidium* and Tintinnopsis* were the genera detected in both methods, however in metabarcoding was
assigned as Strombidium_K; Strombidium_M; Tintinnopsis_05/07 from PRZ.
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Relative abundance of phytoplankton groups that were detected in microscopic

PHT and 18S metabarcoding methodologies in the same samples

Between the 12 phytoplankton taxa found at higher taxonomic level with
microscopy analysis and 91 taxa found with 18S metabarcoding method, the number of
matching groups within the same samples were only 7. In addition, between the 60 genus
identified in microscopic analysis and the 273 genus identified with 18S metabarcoding,
only 19 were found to recover in the same samples, as for species, the number of the

same matching groups were only 5 (Table 14; Figure 22).
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micRoSCOPIC | o METABARCODING
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19 METABARCODING
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METABARCODING 273 taxa
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\\\ -
Figure 22 - Diagram showing the number of the detection of protists groups at different taxonomic levels and number of

taxa that matched within the same samples (18S vs PHT).

Table 14: Common groups that matched within the same samples in both methods at higher taxonomic level

Microscopic_PHT Metabarcoding

Higher Level Abundance Higher Level gAbundance
Bacillariophyceae 5,24% ®Bacillariophyta 0,07%
Chrysophyceae 3,49% Chrysophyceae 0,002%
Ciliophora 0,98% Ciliophora 61,21%
Cryptophyta 8,47% Cryptophyta 0,01%
Dinophyceae 24,20% Dinophyceae 22,77%
Prymnesiophyceae 19,78% Prymnesiophyceae 0,08%
Pyramimonadophyceae 7,03% ‘Pyramimonadales 0,01%

aTotal relative abundance of all samples; "Different names due to the designation assigned according to the PR? database.
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The matching taxonomic groups between both methodologies within the same

were: Bacillariophyceae/Bacillariophyta, Chrysophyceae, Ciliophora,

Cryptophyta, Dinophyceae, Prymnesiophyceae and

Pyramimonadophyceae/Pyramimonadales.

However, total representativeness of each taxonomic group differs in terms of

abundances, between metabarcoding and microscopic approaches. In metabarcoding

the relative abundance of those groups was found to be extremely low, with the exception

of Ciliophora and Dinophyceae, which cover greater abundance recovery by

metabarcoding. In microscopy, a greater recovery of Dinophyceae, Prymnesiophyceae

and Cryptophyta was found compared with metabarcoding. Generally, the groups with

high relative abundances in microscopy are lower represented in metabarcoding, with

the exception of Ciliophora that was almost negligible in microscopy. As for Dinophyceae

the abundance recovery is similar in both methodologies.

Nevertheless, despite the importance of the total representativeness of each

group, its representativeness by individual sample should be highlighted (Figure 23).

KONGSFJORDEN

MICROSCOPIC_PHT

185_METABARCODING

KB6_2 KB6_25 KB3_5 KB3_50 KBO_S KBO_25 viz_s V12_25 V6_25

R4 _28 R7_25

MICROSCOPIC_PHT

RUPFJORDEN

185_METABARCODING

*

® Bacilariophyceae ® Chrysophyceae m Ciliophora u Cryptophyta

*
® Dinophyceae ® Prymnesiophyceae m Pyramimonadophyceae m No match

Figure 23 - Pie charts of matching groups (18S vs PHT) at higher level taxonomy of each methodology within the same

samples and separated by transects; *Bacillariophyceae was the taxa detected in microscopy that matched with

Bacillariophyta in metabarcoding; *Pyramimonadophyceae was the taxa detected in microscopy that matched with

Pyramimonadales in metabarcoding; The black color represents the percentage of protists that were only identified by

one method in a given sample. The percentages of matching groups within the samples is provided in Additional file 5.
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In figure 23, it is possible to perceive the presence/dominance of each taxonomic
group that matched within the same samples at a higher level for both methodologies.
However, because the relative abundances of the common groups in metabarcoding is
much lower than in microscopy, the visualization of the different taxonomic groups in
each sample with 18S metabarcoding method is difficult.

Concerning the Kongsfjorden transect, there were noticeable differences in
relative abundances of the identified taxa between both methods. The taxon
Dinophyceae is the most dominant in microscopy analysis, especially in KB6_2, KB6_25
and KB3_50 (Fjord/Coastal waters), whereas in metabarcoding this taxon was the
second most dominant and its occurrence was higher in different stations (V12_25 to
V6_25; Coastal/Offshore waters).

As for Ciliophora, despite not being present in all samples, it dominates most
samples analyzed by 18S metabarcoding, (from KB3_ 50 to V6_25; Coastal/Offshore
waters). Although, using microscopic analysis even though it was present in almost
samples, presented much lower abundance when compared to 18S metabarcoding.

Microscopic analysis also identified Bacillariophyceae*, Cryptophyta,
Prymnesiophyceae and Pyramimonadophyceae* (See legend of figure 23) as relative
abundant taxa, while in metabarcoding these groups presented very low abundances.
As for Chrysophyceae it only matches for both methods in KB3 50 station but
abundances were low, therefore hard to visualize.

Secondly, in table 15, we presented the matching protists groups (19) within the
same samples at genus level identified by both methods. In terms of abundance
recovery, microscopy remained the method with higher abundance values and in
metabarcoding the abundance values were extremely lower, when compared with
microscopy. Given the above, the dominant genus in microscopy belongs to
Phaeocystis, while in 18S metabarcoding the dominant genus belongs to Leegaardiella.

The distribution between samples can be observed in following figure 24.
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Table 15: Common groups that matched within the same samples in both methods at genus level

Microscopic_PHT

Metabarcoding

Genus level aAbundance Genus level aAbundance
Amphidoma 0,04% Amphidoma 0,002%
Chaetoceros 1,05% Chaetoceros 0,02%
Eucampia 0,04% Eucampia 0,001%
Gymnodinium 11,46% Gymnodinium 0,02%
Gyrodinium 2,37% Gyrodinium 0,59%
Heterocapsa 4,08% Heterocapsa 0,05%
Laboea 0,02% Laboea 0,25%
Leegaardiella 0,05% Leegaardiella 2,29%
Navicula 0,004% Navicula 0,001%
Pelagostrobilidium 0,01% Pelagostrobilidium 0,31%
Phaeocystis 15,45% Phaeocystis 0,03%
Prorocentrum 2,13% Prorocentrum 0,15%
Pseudo-nitzschia 0,16% Pseudo-nitzschia 0,001%
Pyramimonas 7,03% Pyramimonas 0,01%
Rhizosolenia 2,02% Rhizosolenia 0,01%
Syombim o
Teleaulax 2,85% Teleaulax 0,0005%
Thalassiosira 0,39% Thalassiosira 0,01%
Tintinnopsis 0,002% Tintinnopsis 07 0,27%

aTotal relative abundance of all samples; *Different names due to the designation assigned according to the PR? database
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Figure 24 - Pie charts of matching groups (18S vs PHT) at genus level of each methodology within the same samples
and separated by transects. *Strombidium_K and Strombidium_M were the taxa detected in metabarcoding that matched
with Strombidium in microscopic and Tintinnopsis_07 matched with Tintinnopsis in microscopy; The black color represents
the percentage of protists that were only identified by one method in a given sample. The percentages of matching groups
within the samples is provided in Additional file 5.

Looking at figure 24, it is clear that the common genera registered in the same
samples varied in relative abundance according with the method used. For example, in
Kongsfjorden, we can we can observe higher presence of Gymnodinium in KB6_ 2,
KB6_25 and KB3 50 using microscopic analysis but using 18S metabarcoding the
representativeness of this genus was extremely low (Figure 24). The same was true for
Phaeocystis at station KBO_25. Leegaardiella and Strombidium_K* were the most
dominant genera in 18S metabarcoding analysis that were also identified using
microscopic analysis.

These results demonstrated high variability in terms of genus dominance
between both methods used for phytoplankton community characterization.

Finally, at the lowest taxonomy level only 5 species matched within samples
using both tested methodologies (Table 16; Figure 25). Phaeocystis pouchetii was the
specie most dominant in microscopy method, where in metabarcoding was Gyrodinium
fusiforme. The second most dominant in microscopy was Heterocapsa rotundata while
in 18S metabarcoding was Laboea strobila. However, most of the species identified by

18S metabarcoding and microscopic analysis were unigue to each method.

Table 16: Common groups that matched within the same samples in both methods at species level

Microscopic_PHT Metabarcoding
Species Level 2Abundance Species Level 2Abundance
Gyrodinium fusiforme 0,28% Gyrodinium fusiforme 0,36%
Heterocapsa rotundata 3,80% Heterocapsa rotundata 0,02%
Laboea strobila 0,02% Laboea strobila 0,27%
Phaeocystis pouchetii 15,31% Phaeocystis pouchetii 0,02%
Pseudo-nitzschia granii 0,07% Pseudo-nitzschia granii 0,0005%

aTotal relative abundance of all samples.
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Biogeography of Arctic Eukaryotic Microbiome: A comparative approach between 18S rRNA gene
metabarcoding and microscopic analysis

56



[@PORTO
fiC

FCUP
FACULDADiDE C'ENC'ATS Biogeography of Arctic Eukaryotic Microbiome: A comparative approach between 18S rRNA gene
HNIVERSIDADE PO ORI metabarcoding and microscopic analysis

Microscopic analysis showed that Phaeocystis pouchetii was most dominant,
especially in stations V12_25 (Kongsfjorden), R4 5, R6_5 and R7_25 (Rijpfjorden),
located on Coastal/Open ocean. As for metabarcoding, while the relative percentage of
occurrence was much lower, Phaeocystis pouchetii was also presented in greater
relative abundance in more offshore waters, especially in stations R7_5 and R7_25. As
for Gyrodinium fusiforme, both methods showed higher presence of this specie in
Kongsfjorden samples rather than Rijpfjorden ones (Figure 25).
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m Gyrodinium fusiforme m Heterocapsa rotundata Laboea strobila
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Figure 25 - Pie charts of matching groups (18S vs PHT) at species level of each methodology within the same samples
and separated by transects. The black color represents the percentage of protists that were only identified by one method

in a given sample. The percentages of matching groups within the samples is provided in Additional file 5.
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Groups of phytoplankton that were only identified in microscopy analysis or in

18S metabarcoding

Unique protists groups detected in microscopic PHT analysis

Raphidophyceae (0,76%) was the only protist class that was identified in

microscopic analysis and not detected in 18S metabarcoding (Figure 26).

At genus level, 30 were unique of microscopic analysis, being the top 10 most

abundant: Cryptomonas (1,03%); Dinobryon (2,85%); Fragilariopsis (0,41%); Gonyaulax
(0,68%); Leucocryptos (1,97%); Monosiga (0,96%); Olisthodiscus (0,76%); Oxyrrhis
(1,90%), Protodinium (3,50%) and Telonema (1,22%).

As for species level, there were a total of 49 species that were detected only

using microscopic analysis, being the top 10 most abundant: Dinobryon balticum

(2,85%); Gonyaulax gracilis (0,87%); Gymnodinium galeatum (1,97%); Gymnodinium

gracilentum (1,34%);

Leucocryptos marina (1,97%); Monosiga marina (0,96%);

Prorocentrum cordatum (2,10%); Protodinium simplex (3,70%); Rhizosolenia hebetata
(1,19%) and Rhizosolenia setigera (0,82%).
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Figure 26 — Number of unique groups of microscopy PHT method at higher and lower level and top 10 most

abundant taxa. The percentage of the remaining unique groups is provided in Additional file 3.
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Unique protists groups detected in 18S metabarcoding analysis

A total of 8 phyla, 18 classes and 54 families were exclusively detected using the
18S metabarcoding method (Figure 27). The unique phyla were: Apusozoa (0,001%);
Archaeplastida (0,17%); Choanoflagellida (0,001%); Hacrobia (0,10%); Other_Alveolata
(14,80%;) Other_Stramenopiles (0,10%); Rhizaria (0,01%) and Syndiniales (0,76%).

At class level the unique top 10 in terms of most dominant were: Alveolata_X
(4,75%), Apicomplexa (10,05%); Cercozoa (0,01%); Chlorophyta (0,17%); Dinoflagellata
(23,53%); Haptophyta (0,08%); Ochrophyta (0,07%); Picozoa (0,01%); Pseudofungi
(0,08%) and Sagenista (0,01%). Finally, at family level the unique top 10 most dominant
were: CONThreeP (8,71%); Cylotrichium_like_organism (18,05%); Ellobiopsidae
(4,75%); Gregarinomorphea (10,05%); Litostomatea (0,44%); Nassophorea (12,86%);
Oligohymenophorea (7,71%); Phyllopharngea (1,57%); Spirotrichea (11,77%) and
Syndiniales (0,76%).

18S
Metabarcoding

CLASS FAMILY
PHYLUM
18 taxa 54 taxa
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PHYLUM TOP 10 CLASS TOP 10 FAMILY

\

§

4

Apusozoa u Archaeplastida Alveolata X = Apicomplexa Cercozoa CONThreeP u Cyclotrichium_like_organism
Choanoflagellida B Hacrobia u Chlorophyta Dinoflagellata ® Haptophyta Ellobiopsidae ® Gregarinomorphea
Other_Alveolata o Other_Stramenopiles ® Ochrophyta = Picozoa o Pseudofungi Lll‘.ostomatea B Nassophorea
m Oligohymenophorea o Phyllopharyngea
m Rhizaria m syndiniales o Sagenista W Spirotrichea u Syndiniales

Figure 27 - Number of unique taxonomic groups identified by 18S metabarcoding method at phylum, class and family levels

and top 10 most abundant taxa. The percentage of the remaining unique groups is provided in Additional file 3.

With respect to lower taxonomic level, a much higher number of unique protists
groups were observed for 18S metabarcoding analysis, including 241 genera and 129
species.

At genus level the unique top 10 genera were: Askenasia (6,79%); Chromidina
(2,86%); Cyclotrichium (16,53%); Dinophyceae XXX (25,30%); Gregarines_ GRE1 XX
(2,51%); Gregarines_ GRE2_XX (5,33%); NASSO _1 (12,11%); Philasterida_X (2,43%);
Strombidiidae_B_X (1,49%) and Thalassomyces (5,44%).
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For species level, the unique top 10 species were: Gyrodinium_helveticum
(0,36%); Gyrodinium_heterogrammum (0,12%); Lankesteria_cystodytae (1,23%);
Paracineta_limbata (0,16%); Plagiopyliella_pacifica (0,21%);
Pseudocollinia_beringensis (0,32%)); Pseudocollinia_similis (0,19%));
Selenidium1_serpulae (0,41%); Strombidium_capitatum (1,16%) and
Thalassomyces_fagei (1,29%).

The most dominant genus and species in 18S metabarcoding were Cyclotrichium
and Thalassomyces_fagei, respectively (Figure 28).

Metabarcoding
|
GENUS SPECIES
241 taxa 129 taxa
TOP 10 GENUS TOP 10 SPECIES
u Askenasia ® Chromidina u Gyrodinium_helveticum u Gyrodinium_heterogrammum
Cyclotrichium H Dinophyceae_XXX Lankesteria_cystodytae o Paracineta_limbata
Gregarines_GREL XX = Grlegal '"f"s—GR E2 XX Plagiopyliella_pacifica u Pseudocollinia_beringensis
- NASSOTi__ ® Philasterida_X W Pseudocollinia_similis o Selenidiumi_serpuloe
u Strombidiidae_B_X o Thalassomyces
® Strombidium_capitatum o Thalassomyces_fagei

Figure 28 - Number of unique taxonomic groups identified by 18S metabarcoding method at genus and specie levels and

top 10 most abundant taxa. The percentage of the remaining unique groups is provided in Additional file 3.
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Methodological comparison between microscopic MIT and 18S

metabarcoding

In this comparison a total of 16 samples were included for which 18S metabarcoding
and microscopic MIT was performed. Ten of these samples belong to Kongsfjorden
transect and six belong to Rijpfjorden. The depth range of these common samples was

between 5m to 50m, mostly surface and DCM samples (Figure 29).

Kongsfjorden Transect Rijpfijorden Transect

v KB6_25

R1 5
Total samples - 16 samples. P> R1 17
KB3 50
v R6 5
KBO 5
Kongsfjorden transect - 10
samples. KBO_25 Py >°
y KBO_50 R7 5
Rijpfjorden transect - 6 VE_5 R7 25
samples.
HGIV_5
HGIV_43

Depth — 5m, 17m, 25m. 43m
and 50m. e 1v_50

Figure 29 - Data information of the common samples stations and depths used for methodological comparison between

18S metabarcoding and microscopic MIT for community phytoplankton analysis.

Groups of phytoplankton identified in both methodologies

In microscopy MIT data, in the compared 16 samples, the microscopic MIT
methodology identified 3 taxa at phylum and class levels, 31 genera and 48 species. As
for 18S metabarcoding, a total of 90 taxa were detected at higher level, respectively
phylum, class and family level, then 265 genus and 322 species (Figure 30). All the
identification of phytoplankton groups in both methodologies, as well the percentage of

abundance recovery is provided in Additional file 6.
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Figure 30 - Diagram with the total number of detected phytoplankton groups in the different methodologies at higher and lower

taxonomic levels (18S vs MIT).

Regarding microscopy MIT methodology at higher level, Bacillariophyceae
(74,29%) was the dominant taxa, being the second most dominant Dinophyceae
(18,03%). In 18S metabarcoding methodology in the same 16 samples, 11 phyla were
identified, being the most abundant: Ciliophora (64,39%); Dinophyceae (21,71%) and
Other_Alveolata (12,84%) (Figure 31; Additional file 6). The distribution of the protists
groups within the remaining taxonomic levels at higher level between 18S and

microscopic MIT is provided in Additional file 7.
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Figure 31 - Taxonomic protists distribution at higher level (Microscopy MIT - Class/Phylum; Metabarcoding - Phylum
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level) of both methods divided by transects. Kongsfjorden on the left and Rijpfjorden on the right.

Proceeding with 18S, at class level, of the 20 taxa detected, the most dominants
class were: Ciliophora (64,39%); Dinoflagellata (22,27%); Apicomplexa (8,77%) and
Alveolata_X (4,06%) and in family level, 59 taxa were detected in the 16 common

samples with microscopy and the highest taxa belongs to: Dinophyceae (21,70%);
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Nassophorea  (16,10%); Spirotrichea  (15,79%); CONThreeP  (14,48%);
Gregarinomorphea (8,77%%); Oligophymenophorea (8,44%);
Cylotrichium_like_organism (5,78%); Ellobiopsidae (4,06%); Phyllopharngea (2,69%)
and Listomatea (1,00%) (Additional file 6).

In microscopy approach, the genera with highest relative abundances were:
Rhizosolenia  (64,60%); Protoperidinium  (11,69%); Chaetoceros (7,70%);
Acanthostomella (2,08%); Phalacroma (1,46%); Gyrodinium (1,22%); Strombidium
(1,09%) and Thalassiosira (1,04%). In metabarcoding, a total of 265 taxa were detected
and the genera with total highest relative abundances were: Dinophyceae XXX
(20,86%); NASSO_1 (16,10%); Askenasia (12,63%); Cyclotrichium (5,78%);
Gregarines_ GRE2_XX (4,99%); Thalassomyces (4,06%); Leegaardiella (3,09%);
Chromidina (2,93%); Philasterida_X (2,80%); PHYLL 4 X (2,43%); Strombidium_K
(2,04%); Gregarines. GRE1 XX (1,94%); Strombidiidae_B_X (1,93%);
Strombidiiae_H_X (1,73%); Urotricha (1,69%); Strombidiidae_M_X (1,42%); Lankesteria
(1,38%) and Pleurostomatida_X (1,00%) (Additional file 6).

Finally, for species level, in microscopy approach a total of 48 taxa were detected,
being 35 species identified and the remaining 13 were descripted with “sp’ or “indet”.
The more relevant species in terms of relative abundances were: Rhizosolenia_hebetata
(64,61%); Protoperidinium_pellucidum (7,00%); Chaetoceros_decipiens (4,14%);
Protoperidinium_pallidum (3,88%); Acanthostomella_norvegica (2,08%);
Chaetoceros_convolutus (1,64%); Phalacroma_rotundatum (1,46%) and
Gyrodinium_fusiforme (1,22%). For metabarcoding, a total of 322 taxa were recovered
at taxonomic species level, being 131 species identified and the remaining 191
descripted with “sp”. From these 131 species, the ones that presented highest relative
abundances were: Strombidium_capitatum (2,04%) and Lankesteria_cytodytae (1,38%)
(Additional file 6).
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Groups of phytoplankton that were identified in microscopic MIT and 18S
metabarcoding methodologies
Taking all 16 samples into account a total of three protists groups from higher
taxonomic level were found to be common to both methods and a total of 12 genera and

4 species were also identified in both methodologies (Figure 32).

Taxa detected in both methodologies in all samples I PRESENCE -.

HIGHER LEVEL
3 taxa |
0 MICROSCOPIC 3 METABARCODING
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METHODOLOGY .
| MICROSCOPIC METABARCODING
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METABARCODING 265 taxa
\ |
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ERECIES SPECIES LEVEL | 4 SPECIES LEVEL
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Figure 32 - Diagram showing the number of the detection of protists groups at different taxonomic levels and number of

matching taxa that were present in both methods and in all samples (18S vs MIT).

The common higher level taxa were: Bacillariophyceae, Ciliophora and

Dinophyceae. And the common genera and species are represented in table 17.

Table 17: Taxa that were present in both methods at higher and lower level

Higher Level Genus Species
Bacillariophyceae/ Bacillariophyta Chaetoceros Chaetoceros decipiens
Ciliophora Dinophysis Chaetoceros socialis
Dinophyceae Gyrodinium Gyrodinium fusiforme
Laboea Laboea strobila
Leegaardiella
Parafavella
Ptychocylis

Rhizosolenia
Strombidium/Strombidium_K/Strombidium_M
Thalassiosira
Tintinnopsis/Tintinnopsis_05/Tintinnospis_07
Tripos
Note: Strombidium* and Tintinnopsis* were the genera detected in both methods, however in metabarcoding was assigned

as Strombidium_K; Strombidium_M; Tintinnopsis_05/07 from PR2.
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Relative abundance of phytoplankton groups that were detected in microscopic
MIT and 18S metabarcoding methodologies in the same samples

The taxonomic groups that were identified in both 18S metabarcoding and
microscopic MIT methodologies that matched within the same samples are represented

in figure 33 (3 taxa at higher taxonomic level, 10 genera and 1 specie).

MATCH
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Figure 33 - Diagram showing the number of the detection of protists groups at different taxonomic levels and number of

taxa that matched within the same samples (18S vs MIT).

Table 18: Common groups that matched within the same samples in both methods at higher taxonomic level

Microscopic_MIT Metabarcoding
Higher Level aAbundance Higher Level aAbundance
Bacillariophyceae 74,29% bBacillariophyta 0,05%
Ciliophora 7,68% Ciliophora 64,39%
Dinophyceae 18,03% Dinophyceae 21,70%

aTotal relative abundance of all samples; Different names due to the designation assigned according to the PR? database.
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KONGSFJORDEN

In microscopic MIT analysis the most dominant taxa were, Bacillariophyceae
followed by Dinophyceae. In 18S metabarcoding analysis, Ciliophora was the most
dominant followed by Dinophyceae and represented in much lower relative abundance
Bacillariophyta (Table 18). The distribution representativeness by individual sample is
highlighted in figure 34.

FCUP

Biogeography of Arctic Eukaryotic Microbiome: A comparative approach between 18S rRNA gene
metabarcoding and microscopic analysis
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Figure 34 - Pie charts of matching groups (18S vs MIT) at higher level taxonomy of each methodology within the same
samples and separated by transects; *Bacillariophyceae was the taxa detected in microscopy that matched with
Bacillariophyta in metabarcoding; The black color represents the percentage of protists that were only identified by one
method in a given sample. The percentages of matching groups within the samples is provided in Additional file 8.

Bacillariophyceae was highly abundant in almost all samples, especially in
Kongsfjorden transect, only in stations R6_5, R6_50 and R7_25 this taxon was absent,
when samples were analyzed using microscopic MIT method. In 18S metabarcoding
method, Ciliophora remained the dominant taxa in both transects, followed by
Dinophyceae (Figure 34).

Secondly, in table 19, we presented the matching protists groups (10) within the
same samples at genus level identified by both methods. Given the above, the dominant
genus in microscopy MIT method belongs to Rhizosolenia and in metabarcoding method
belongs to Leegaardiella. The distribution representativeness by individual sample is
highlighted in figure 35.
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Table 19: Common groups that matched within the same samples in both methods at higher taxonomic level

Microscopic_MIT Metabarcoding
Genus Level aAbundance Genus Level Abundance
Chaetoceros 7,70% Chaetoceros 0,02%
Dinophysis 0,28% Dinophysis 0,0004%
Gyrodinium 1,22% Gyrodinium 0,36%
Leegaardiella 0,35% Leegaardiella 3,09%
Parafavella 0,87% Parafavella 0,02%
Ptychocylis 0,90% Ptychocylis 0,21%
Rhizosolenia 64,60% Rhizosolenia 0,003%
o bStrombidium_K 2,04%
Strombidium 1,09% o
bStrombidium_M 0,10%
Thalassiosira 1,04% Thalassiosira 0,004%
o ) ¢Tintinnopsis_07 0,50%
Tintinnopsis 0,70% o )
¢Tintinnopsis_11 0,001%
aTotal relative abundance of all samples; " Different names due to the designation assigned according to the PR?
database
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Figure 35 - Pie charts of matching groups (18S vs MIT) at genus level taxonomy of each methodology within the same
samples and separated by transects; *Strombidium_K and Strombidium_M were the taxa detected in metabarcoding that
matched with Strombidium in microscopic and Tintinnopsis_05/07 matched with Tintinnopsis in microscopy; The black
color represents the percentage of protists that were only identified by one method in a given sample. The percentages
of matching groups within the samples is provided in Additional file 8.
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From the microscopy MIT, the abundant distribution of Rhizosolenia across
samples from Kongsfjorden is very notable, especially in KB6_25, KBO_25, HGIV_5,
HGIV_43 and in Rijpfiorden this genus was absent. In Rijpfjorden transect the genera,
Tintinnopsis, Strombidium, Leegaardiella, Ptychocylis, Chaetoceros and Gyrodinium,
were more abundant. In what 18S metabarcoding is respect to the genus Strombidium_K
and in some stations Strombidium_M were more frequently detected at higher relative
percentages when comparing with microscopic MIT methodology.

As for species level, only one specie was common between both methods,
Gyrodinium fusiforme, identified at stations KB3_5 and R7_5. In microscopy method, the
total relative abundance was 1,22% and in metabarcoding was 0,22% (Additional file 6).

Groups of phytoplankton that were only identified in microscopy analysis or in
18S metabarcoding
Unique protists groups detected in microscopic MIT analysis

All the higher level taxonomic groups identified using microscopic MIT were also
detected using 18S metabarcoding. However, a total of 18 unique genera were identified
in microscopic MIT method, being the top 10 most abundant: Acanthostomella (2,08%);
Alexandrium (0,14%); Corethron (0,70%); Didinium (0,21%); Fossula (0,16%);
Lohmanniella (0,56%); Phalacroma (1,56%); Polarella (0,67%), Pronoctiluca (0,23%)
and Protoperidinium (11,69%).

As for species level, a total of 32 unique species were identified in microscopic
MIT method, being the top 10 most abundant: Acanthostomella norvegica (2,08%);
Chaetoceros convolutus (1,64%); Parafavella obtusangula (0,87%); Phalacroma
rotundatum (1,46%); Protoperidinium brevipes (0,78%); Protoperidinium pallidum
(3,88%); Protoperidinium pellucidum (7,00%); Ptychocylis obtusa (0,90%); Rhizosolenia
hebetata (64,61%) and Thalassiosira gravida/antarctica (0,90%). The unique genus
most dominant was Protoperidinium, and the specie most dominant was Rhizosolenia
hebetata (Figure 36).
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|
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GENUS SPECIES
Class/Phylum
18 taxa 32 taxa
0 taxa
TOP 10 GENUS TOP 10 SPECIES

& Acanthostomella & Alexandrium W Acanthostomella norvegica W Chaetoceros convolutus
Corethron B Didinium Parafavella obtusangula M Phalacroma retundatum
Fossula B Lohmanniella Protoperidinium brevipes M Protoperidinium pallidum

H Phalacroma H Polarella ® Protoperidinium pellucidum u Ptychocylis obtusa

® Pronoctiluca o Protoperidinium ¥ Rhizosolenia hebetata B Thalassiosira gravida/antarctica

Figure 36 - Number of unique taxonomic groups identified by microscopy MIT method at higher and lower levels and top 10 most

abundant taxa. The percentage of the remaining unique groups is provided in Additional file 6.

Unique protists groups detected in 18S metabarcoding analysis

A total of 8 unique phyla, 19 unique classes and 57 unique families were only
detected in 18S metabarcoding. At phylum level the unique taxa were: Apusozoa
(0,004%); Archaeplastida (0,26%); Choanoflagellida (0,001%); Hacrobia (0,13%);
Other_Alveolata (12,84%;) Other_Stramenopiles (0,04%); Rhizaria (0,01%) and
Syndiniales (0,57%). At class level the unique top 10 class most dominant were:
Alveolata_X (4,06%), Apicomplexa (8,77%); Cercozoa (0,01%); Chlorophyta (0,26%);
Cryptophyta (0,02%); Dinoflagellata (22,27%); Haptophyta (0,11%); Ochrophyta
(0,05%); Picozoa (0,01%); Pseudofungi (0,02%) and Sagenista (0,02%).

At family level the unique top 10 most dominant were: CONThreeP (14,48%);
Cylotrichium_like_organism (5,78%); Ellobiopsidae (4,06%); Gregarinomorphea
(8,77%); Litostomatea (1,00%); Nassophorea (16,10%); Oligohymenophorea (8,44%);
Phyllopharngea (2,69%); Spirotrichea (15,79%) and Syndiniales (0,57%).

The unique phylum most dominant was Other_Alveolata, the most dominant

class was Dinoflagellata and the most dominant family was Nassophorea (Figure 37).
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Choanoflagellida o Hacrobia o Chlorophyta Cryptophyta H Dinoflagellata Ellobiopsidae M Gregarinomorphea
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M Spirotrichea M Syndiniales

Figure 37 - Number of unique taxonomic groups identified by 18S metabarcoding method at phylum, class and family

levels and top 10 most abundant taxa. The percentage of the remaining unique groups is provided in Additional file 6.

For the lowest taxonomic level, a huge number of unique genera and species
were identified with 18S metabarcoding method (250 and 125, respectively) (Figure 38).
The most dominant, top 10 genera were: Askenasia (12,63%); Chromidina (2,93%);
Cyclotrichium (5,78%); Dinophyceae XXX (20,86%); Gregarines_GRE1_XX (1,94%);
Gregarines_ GRE2_XX (4,99%); NASSO_1 (16,10%); Philasterida_X (2,80%);
PHYLL_4 X (2,43%) and Thalassomyces (4,06%).

For species level, the unique top 10 species were: Lankesteria_cystodytae
(1,38%); Micromonas_polaris (0,17%); Paracineta_limbata (0,25%));
Plagiopyliella_pacifica (0,22%)); Pseudocollinia_beringensis (0,42%);
Pseudocollinia_similis (0,28%); Selenidium1_serpulae (0,47%); Strombidium_capitatum
(2,04%) and Thalassomyces_fagei (0,35%). The genus most dominant was NASSO_1

and the specie most dominant was Strombidium_capitatum.
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Figure 38 - Number of unique taxonomic groups identified by 18S metabarcoding method at genus and specie levels and top
10 most abundant taxa. The percentage of the remaining unique groups is provided in Additional file 6.
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Comparison between 18S rRNA Metabarcoding and Microscopic cell

counts to study protists diversity

The comparison between morphological and molecular approaches for studying
microplankton communities by analysing the results obtained from each method is a big
challenge. In fact, many studies aimed to describe this comparison, suggesting that there
is a need to systematically review these two methodologies, understand their limitations
and find out what could be improved in order to have a “successful marriage” by these
two methodologies as mentioned by McManus et al. [71]. In this section, we will discuss
the results observed by comparing both methodologies in samples from Arctic MIZ,
relevant for understanding the protists ecological insights provided by each
methodology.

Our results revealed that the databases of the protist collection from MOSJ-
ICE2016 generated by the different methodological approaches presented clear
differences. In our study, the same samples were processed by both methods and the
comparison was made in order to identify common and unigue taxonomic groups that
were able to be detected by 18S metabarcoding and microscopy. In 18S rRNA
metabarcoding, the database greatly exceeded the number of protist taxa compared to
microscopic analysis. Although protists identification by microscopy allowed to detect
lower abundance groups, especially in samples where the MIT sampling approach was
applied, the 18S metabarcoding approach was able to detect much more low abundance
taxa. However, there are different factors that need to be considered when performing
a methodological comparison between genomic and morphological approach to study
protists. This includes a precise standardization of the sampling volume analysed by
each methodology and mostly importantly a careful understanding of the complexity of
the databases and the taxonomic nomenclature that each methodology provides. For
example, the 18S metabarcoding approach and the taxonomic nomenclature provided
by PR? database is different and much more complex than the nomenclature used in
classic microscopic classification. The 18S metabarcoding approach detected numerous
sequences affiliated to Clades, several Dino-Groups, MAST (Marine Stramenopiles),
MOCH (Marine OCHrophyta), among others [86,131]. On the other hand, in microscopy,
the taxonomic assignation presents several complexities related for example with
numerous unidentified flagellates (Flagellates indet), under which many unidentified
species grouped into different size classes. In this approach when it was not possible to
identify a particular specie, it was designated as “ncertae sedis”. Moreover, in both
methods, it was not possible to identify certain groups in the different taxonomic levels,

which remained with uncertain assignment (e.g., “sp”; “indet. cyst”; “_X"), that depended
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on the respective database and methodology used. We suggest the reader to review
Hop et al. [52) and Guillou et al. [86]. for better understanding of the assignment of the
taxonomic nomenclature for each methodology.

So, in light of the above, the comparative analysis between 18S metabarcoding
and microscopic identification across the Svalbard protists community, showed
significant differences in terms of both detection and abundance of different taxa
recovered by each approach. Morphology-based identification recovered by microscopy
identified fewer taxonomic groups and catched lower protists diversity at higher and
lower taxonomic levels than 18S metabarcoding method. In fact, it was not surprising
that 18S metabarcoding recovered much higher diversity and identified more protists
groups, since it has the capacity to detect the small size fraction of protists communities,
to provide unprecedented insights of the cryptic communities and better coverage to
identify rare taxa within an ecosystem [56,57]. Nevertheless, the abundance recovery in
microscopy method, both for PHT and MIT sampling approach was found to be higher
than in metabarcoding. This was evident in the protists groups that were identified by
using both approaches, where it can be noticed great abundances in microscopy, even
after standardizing the sampling volume between the different methodologies. There are
only a few exceptions where metabarcoding exceeded microscopy in terms of the
abundance of common taxa groups (Ciliophora, Gyrodinium fusiforme and Laboea
Strobila).

The most similar abundance recoveries can be found in Dinophyceae
(metabarcoding 22,77% and microscopy 24,20% - PHT vs 18S) and (metabarcoding
21,70% and microscopy 18,03% - MIT vs 18S). In addition, the distribution of taxa
between both methods varies depending on the samples.

The unique taxonomic groups detected by each methodology represent another
important result of the comparison. Each approach was able to detect unique groups,
both at the highest and lowest taxonomic level, suggesting that microscopy and
molecular methodologies could complement each other in order to have a better
recovery of the natural planktonic protists diversity. On one hand, our results showed
that both methodologies provided different ecological perspectives/insights and
discoveries, since there are unique taxa detected by each methodology. On the other,
our results highlighted that, when carrying out a particular research using molecular or
morphological methods and, in order to have the actual protists community structure in
a particular planktonic environment, limitations and awareness of the specific

methodologies should be considered.
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The taxonomic distribution of common groups within the same samples revealed,
as mentioned above, great discrepancies in terms of diversity and relative abundance
recovery. In microscopy, the abundance recovery of the different groups was higher and
metabarcoding was extremely low, making the comparison by sample quite difficult. Also,
when a given common taxonomic group is the most dominant in one method is extremely
low in the other and this applies to both PHT and MIT when compared to 18S.

Between PHT and 18S, at higher taxonomic level, Ciliophora revealed to be the
dominant group in 18S metabarcoding, where in microscopy Dinophyceae was the
dominant one. At genus level, Leegaardiella was the dominant genus in metabarcoding,
and in microscopy was Phaeocystis, however the distribution of these genera were less
perceivable within different samples, where it can be noticed that other genera were well
represented (i.e., Gymnodinium in microscopy and Strombidium_K in metabarcoding).
Finally, for species level, Phaeocystis pouchetii was the dominant specie in microscopy
in terms of abundance and Gyrodinium fusiforme was the dominant one in 18S
metabarcoding. In contrast to PHT, the comparison between MIT and 18S revealed
different out-comes, as we can verify that in higher level Bacillariophyceae proved to be
the dominant one and Rhizosolenia revealed to be the most dominant genus. In
metabarcoding, Ciliophora (at higher level) and Leegaardiella (at lower level genus)
remained the dominant groups. At species level, only one specie matched, i.e.,
Gyrodinium fusiforme.

These out-comes are in agreement with studies from microscopy records
conducted in Arctic region, where Dinoflagellates (Dinophyceae) and Diatoms
(Bacillariophyceae) were extensively studied and demonstrated to be crucial members
of protists community, with Bacillariophyceae, being an important group in spring bloom
production [52,125,132]. Furthermore, the predominance of the specie Phaeocystis
pouchetii has been mentioned in several articles since early studies [41,42,133]. These
evidences from early to recent studies, may suggest that Phaeocystis pouchetii adapted
to environmental stressors and is a resilient species to climate change [41,42,133]. In
MIT data, the genus Rhizosolenia showed great abundance recovery, and the specie
more dominant was in fact, Rhizosolenia hebetata. This marine large diatom was also
identified in other studies from Atlantic-Arctic waters and from Wijdefjord with traces of
North Atlantic water [39,41,134]. This supports the fact that the North Atlantic waters are
enhancing protists diversity in the Arctic Ocean, influencing the biogeography of this
genus which in our study was recovered in both transects studied.

Contrary to microscopy data, in metabarcoding, Ciliophora remained the

dominant higher taxonomic level group, and regarding to genus level Leegaardiella was
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the dominant genus both for 18S vs PHT/MIT. This dominant genus makes sense, since
according to its taxonomic classification, it belongs to the Ciliophora phylum [135].

Concerning the common identified species between 18S metabarcoding and
microscopy using the MIT sampling approach, only one specie was identified in both
methods, Gyrodinium fusiforme. This specie, according to Algae Base, was found in
Arctic waters in early studies and still marks presence according to recent studies,
suggesting that it is able to manage survival skills to different environmental conditions
[125,136,137,138].

The unique protists groups identified in each methodology provide deeper
ecological insights and even more awareness of the comparison limitations. Each
method was able to detect groups that were not present in the other, and in
metabarcoding approach the capability of detection taxonomic groups not identified by
using the microscopy was much higher. Indeed, comparative studies of these two
methods already reported the existence of unique protists groups of each methodology
[56,57,71,78]. The discrepancies of relative abundance taxa between different methods
could have to do with the limitations and biases of molecular methodologies
[56,57,69,78,139]. It should be noted that some advantages and disadvantages were
highlighted in the introductory section (tables 4 and 5), however in order to discuss the
discrepancies between the two methodologies, some aspects will be highlighted in this
section. For instance, using the 18S metabarcoding approach we were able to detect
cryptic species, and also to catch an enormous diversity of picophytoplankton that wasn’t
visible to microscopy, due to the small size of these organisms, in optical/fluorescence
microscopy. On the contrary, molecular detection doesn’t take into account the life
stages of protists (the juvenile and adult stage), that could be an important aspect when
studying the dynamics of natural protists communities [56]. Moreover, significant gaps
are still found in sequence reference databases and the catalogue of protists
morphologically identified [56]. This could explain the identification of taxa in microscopy
not detected in 18S metabarcoding approach. Also, in 18S metabarcoding approach,
other possible methodological biases that could compromise the comparison analysis,
has to do with the sequencing depth that could inflate the diversity detection [76,140].
The primer choice could significantly affect the results by amplifying non-target groups
and target sequences more than others [72]. Furthermore, using multiple primer sets, or
multiple barcode genes for different target taxonomic groups could help to reduce primer
bias, but it is more costly and time-consuming, so that could not be a preferable choice

by the researcher [72]. Regarding the copy number, there may be an association
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between cell size, biovolume and gene copies of the SSU rDNA, that could partially
explain the disparities in abundances between these methods [141,142].

Finally, it should also be highlighted that the V4 region as a barcoding marker has
some features that need to be deeper explored. For instance, as reported in the study
by Mordret et al. [77], in some cases it is unable to discriminate species that are close
relatives and therefore there is the possibility of “shared species within the same region”
(e.g. there are cases within the Dinoflagellates in which sequences belonging to closely
related species, shared identical V4 regions and discrimination failed). Indeed, it could
represent a limitation in the detection of species by metabarcoding [77]. In these cases,
more/different markers or techniques should be used to solve their discrimination.
However, in the present study this issue was not explored in detail. Further studies
focused for example within a specific taxonomic group of the MIZ database will aim to
shed light and get detailed knowledge on this topic.

As for microscopy biases, there’s also limitations that could affect the comparison,
for example, introduced biases in laboratory procedures, possible contamination, cell
losses in the fixation procedures, the taxonomic designation sometimes is difficult
because of the life stage and identification of cryptic species and therefore it could be
difficult to reach to a lower taxonomic level [56,69,78,139]. Also, there is a need to catch
up with the taxonomy field and this applies for implementation of 18S rRNA
metabarcoding and microscopy approaches. It is important to confirm the status of each
taxonomic group on the respective databases, and when possible continuous
communication with experts of each methodology in order to have a more precise
comparison. Lastly, considering all these factors it is difficult to answer the question of
what will be the best method for studying phytoplankton communities, an issue that is
also well expressed in the literature and most of these studies indicate that one method

will complement the other.
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The MOSJ-ICE2016 eukaryote datasets offer new enrichment insights and
perspectives to study diversity and structure of the protists community along two
oceanographic transects in the Marginal Ice Zone around Svalbard by performing a
comprehensive comparison between the 18S metabarcoding approach, using new
generation sequencing techniques, and the classic microscope cell identification.

These results show strong evidence of a diverse community structure, with a
marked biogeographic pattern of the protists communities along the Svalbard MIZ with
a clear trend of depth-dependency along the water column, water masses variations and
nutrients availability.

Comparing both transects studied, Kongsfjorden has a more °“Atlantic”
environment signature, with higher temperatures, fjords glaciers regressing at a very
accelerated rate and with infiltration of warmer, saltier and denser waters from the North
Atlantic. As for Rijpfjorden, this transect is less dynamic in temporal terms, the fjord
glaciers are more intact and it is more influenced by polar waters, therefore presenting a
more “Arctic” environment signature. Due to climate change, increasing temperatures
and consequently sea ice melt are affecting Arctic’s primary productivity and
biogeochemistry by the result of higher organic matter values and nutrients availability,
probably enhanced by the upwelling effects at bottom depths where the protists
community seem to be more connective with higher diversity.

Methodological comparison showed significant differences on protists
abundance and diversity recovery, suggesting that 18S metabarcoding and microscopic
counts are complementary methodologies to study the dynamics of phytoplankton.
Metabarcoding approach was able to detect higher diversity phytoplankton groups, while
microscopy detected lower diversity but still recovered protists groups not identified in
18S metabarcoding, suggesting that this method is probably more realistic when
analyzing the abundant patterns of the common protists groups.

These significant methodological differences demonstrate that there is a need to
improve the techniques or use different complementary approaches to recover the
phytoplankton diversity in natural planktonic ecosystems. However, despite the
discrepancies this is the first step to improve the comparison for the protists community
in the Arctic region and could serve as a baseline for further protists studies.

For next steps and future work, it is important to understand the full limitations of
each methodology by trying to fill the gaps, to improve the methodological comparison
process that could serve as a baseline for future monitoring programs. Moreover, it is

urgent to fill critical gaps concerning the response of the main Arctic primary producers
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to climate driven changes using 18S metabarcoding and microscopic counts as

complementary methodologies at an extended time scale.
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Note: Additional files are the same as supplementary information. They are given as
‘figshare private links’ to be accessed online through the figshare web service. They can
be displayed online; however, the relative abundance of taxa cannot be displayed in
percentage. These specific results can be displayed online as relative abundance,
ranging between 0-1; or the files can be downloaded, and the values observed in
percentage. The following eight ‘Additional files’ are given as ‘figshare private links’
(follow the link):

Additional file 1: Distribution of eukaryotic taxa across MOSJ-ICE2016 collection at
phylum, class, order, family, genus, specie and OTU levels. Percentage of taxa at given
taxonomic level. (figshare private link: https://figshare.com/s/0179ddd1a6c4d2b6c929)

Additional file 2: Description of 18S rRNA libraries from MOSJ-ICE2016 project. (figshare
private link: https://figshare.com/s/784e0b56daf49b480fff)

Additional file 3: All information about the comparison of 18S metabarcoding vs
microscopic PHT dataset. Identification of common groups (presence); Identification of
matching groups within the same samples; l|dentification of unique groups in both
methods. Total percentage of all identified groups in all common samples of both
methodologies. (figshare private link: https://figshare.com/s/6f4f591396fc267a969a)

Additional file 4. Taxonomic protists distribution at higher level between microscopy PHT
and 18S metabarcoding at Kongsfjorden and Rijpfjorden transect. (figshare private link:
https://figshare.com/s/39201117f20f97f50e8c)

Additional file 5: Percentage of matching groups between the same samples at higher
and lower level between 18S metabarcoding and microscopy PHT dataset. (figshare
private link: https://figshare.com/s/4d272d5aec6f56e1a110)

Additional file 6: All information about the comparison of 18S metabarcoding vs
microscopic MIT dataset. Identification of common groups (presence); ldentification of
matching groups within the same samples; Identification of unique groups in both
methods. Total percentage of all identified groups in all common samples of both

methodologies. (figshare private link: https:/figshare.com/s/a8ec44f044ef8337f8ab)
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Additional file 7: Taxonomic protists distribution at higher level between microscopy MIT
and 18S metabarcoding at Kongsfjorden and Rijpfjorden transect. (figshare private link:
https://figshare.com/s/a62dd98aa0fb507b240b)

Additional file 8: Percentage of matching groups between the same samples at higher
and lower level between 18S metabarcoding and microscopy MIT dataset. (figshare
private link: (https://figshare.com/s/773b7e43ce0dd192d365)



