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The North Atlantic Ocean surrounds Iceland, influencing its climate and hosting a
rich ecosystem that provides the Icelandic nation with economically valuable marine
species. The basis of the Icelandic marine ecosystem consists of communities of diverse
microorganisms including bacteria, archaea, and unicellular eukaryotes. While the
primary production of Icelandic waters has been monitored since the 50s, there is limited
knowledge of the taxonomic and metabolic diversity of the marine microorganisms in
Icelandic waters based on molecular techniques. In this study, we conducted annual
sampling at four hydrographic stations over several years to characterize marine microbial
communities and their metabolic potential. Using 16S ribosomal RNA gene amplicon
sequencing and metagenomics, we resolved the microbial community composition
on the North and South Shelves of Iceland, analyzed its evolution from 2011 to 2018,
identified frequently occurring taxa, and predicted their potential metabolism. The results
showed correlations between the marine microbial community profiles and the water
masses in spring, between the North and South Shelves of Iceland. The differences in
marine microbial diversity appear to be linked to the average seawater temperature in the
mixed surface layer at each sampling station which also constrains the relative abundance
of photosynthetic microorganisms. This study set a baseline for the marine microbial
diversity in Icelandic marine waters and identified three photosynthetic microorganisms —
the cyanobacteria Synechococcus and two members of the Chlorophyta clade — as
valuable indicator species for future monitoring, as well as for application in ecosystem
modeling in context with research on climate change.

Keywords: marine, microbial communities, Iceland, metagenomics, metataxonomics

1 INTRODUCTION

Marine microbial communities consist of diverse groups of bacteria, archaea and unicellular
eukaryotes that are vital to the ocean’s ecosystem. They play key roles in the global cycling of
elements (i.e. carbon, nitrogen, sulfur), matter and energy, supporting the marine food web and
regulating the global climate (Follows and Dutkiewicz, 2011; Hutchins and Fu, 2017). It is essential
to know the structure, potential function of marine microbial communities and the ecological
processes that shape microbial communities to understand the role and impacts of the ocean on a
global level. Thus studying marine microbial communities has been, and continues to be, an active
field of research almost 20 years after the initial Global Ocean Sampling Expedition (Rusch et al.,
2007). This original survey revealed the rich microbial diversity of the ocean with the discovery
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of approximately 1,800 different microbial species encoding over
1.2 million genes (Venter et al., 2004; Yooseph et al., 2007). This
study also expanded our understanding of photobiology and
evolution with the discovery of the proteorhodopsin (Béja et al.,
2000; Venter et al., 2004). The Global Ocean Sampling Expedition
was followed by other large scale expeditions like the Tara Oceans
(Sunagawa et al., 2015; Sunagawa et al., 2020) and the Malaspina
(Duarte, 2015) expeditions. These resulting metagenomic data
and analyses contributed to inventories such as the International
Census of Marine Microbes (Zinger et al., 2011) and illustrate
how such sequencing data can serve as a baseline for assessing
marine ecosystem changes.

Many changes in the marine ecosystem are consequences
of climate change, a result of increased anthropogenic carbon
emissions relative to pre-industrial times (IPCC, 2019).
Specifically, the increased carbon emissions led to acidification of
the ocean and warming of surface seawater temperature. Several
studies emphasize the role of the North Atlantic Ocean in the
export and storage of anthropogenic carbon to the bottom of
the ocean (Sabine et al., 2004; Vazquez-Rodriguez et al., 2009).
Marine microorganisms play a role in the carbon cycle (Wang,
2018); thus, it is crucial to monitor changes in this region that
is simultaneously subjected to rapid acidification of the seawater
(Doney et al., 2009; Olafsson et al., 2009; Metzl et al., 2010),
warming of seawater temperature (Levitus et al., 2000; Robson
et al.,, 2012; Cheng et al,, 2019), and weakening of the Atlantic
Meridional Overturning Circulation (AMOC) which in turn
reduces the carbon uptake of the Atlantic Ocean (Pérez et al.,
2013).

These above-mentioned phenomena have already impacted
the distribution and productivity of commercial marine species
in the North Atlantic, creating major challenges for nations
such as Greenland, the Faroe Islands, and Iceland, where fishing
remains economically relevant (Peck and Pinnegar, 2019). To
ensure reliable and sustainable management of Icelandic fisheries,
a recent end-to-end model of Icelandic waters by Sturludoéttir
et al. (2018) includes 52 functional groups of organisms, from
large marine mammals to bacteria. This model highlighted the
complexity of the interactions between functional groups in the
marine ecosystem and stated the need for more data on non-
commercial species such as marine microorganisms that are at
the basis of the food web.

In an attempt to fulfill the need for data on marine
microorganisms, the Microbes in the Icelandic Marine
Environment (MIME) project conducted annual sampling
since 2011 to characterize the microbial diversity in the marine
waters surrounding Iceland. Here, we resolved the microbial
community structures in Icelandic marine waters and the
metabolic potential of the most frequently abundant members
using two approaches relying on high-throughput sequencing:
16S rRNA gene amplicon sequencing for samples collected over
an eight-year period and metagenomics for samples collected
over a five-year period. For clarity in this study, we use the term
“metataxonomics” for the 16S rRNA gene amplicon sequencing
analysis and “metagenomics” for shotgun metagenomic
sequencing analysis as recommended by Marchesi and Ravel
(2015). For both approaches, we sampled surface seawater at two

stations over the North Shelf of Iceland and at two stations over
the South Shelf of Iceland to investigate differences in marine
microbial diversity. The resulting marine microbial community
structures are linked to the different water masses on the North
and South Shelves of Iceland. Furthermore, the analyses reveal
differences in the abundances of core taxa between the different
environments with photosynthetic microorganisms as potential
indicator species.

2 MATERIALS AND METHODS

2.1 Description of Sampling Sites

and Sampling

Four oceanic stations were selected, two north of Iceland,
Siglunes 8 (SI8) and Siglunes 3 (SI3), and two south of Iceland,
Selvogsbanki 5 (SB5) and Selvogsbanki 2 (SB2). These stations
were sampled each spring (May/June) in 2011 - 2018 for
metataxonomics and in 2015 - 2018 for metagenomics. Extra
samples were collected in the summer (August) of the year 2017.
These four stations represent four different environments because
distinct water masses are found at each location (Figure 1 and
Supplementary Table S1). The upper-ocean water masses around
Iceland are commonly characterized as Atlantic subarctic, but are
regionally divided into three distinguishable water masses, i.e.
the cold Polar Water brought by the East Greenland Current, the
warm Atlantic Water carried by the Irminger Current and the
cold Arctic Water circulating north of Iceland and driven east
along the slope of the North Shelf by the East Icelandic Current
(Valdimarsson and Malmberg, 1999; Casanova-Masjoan et al.,
2020). Here, we use the term North Shelf when referring to the
two stations north of Iceland (SI3 and SI8; under the influence
of the Arctic Waters) and South Shelf for the two stations south
of Iceland (SB2 and SB5; under the influence of North Atlantic
Water). The stations with higher numbers at either side of the
island are located at the shelf edges, while the other two are
located at shallower depth, closer to the coast. In spring (May and
June), the influence of in-flowing Atlantic Water to the North
Shelf is frequently observed at the station SI3, and occasionally
the salinity of the surface seawater at SB2 on the South Shelf may
reveal some admixture from the Coastal Current.

For metataxonomics, surface seawater samples were collected
from the four stations as 1 L subsamples from Niskin water
samplers arranged on a CTD rosette, while 5 L of surface
seawater were collected for metagenomics. All samples were
filtered directly onto 0.22 um Sterivex filters (Merck Millipore,
Darmstadt, Germany) and then flash frozen in liquid nitrogen
before stored at -80 C until further processing.

During sampling, biological and physico-chemical
measurements were synchronously recorded by the CTD or
measured a posteriori in the corresponding seawater samples.
The biological measurements included in this study are
chlorophyll a (chl, ug L) and phaeopigments (phaeo, pg L)
measurements. The physico-chemical measurements included
in this study are the average temperature (°C) and the average
concentrations of silicate (Si(OH),, umol L!) and nitrate (NO;,
pumol L), Concentrations of dissolved nitrate were measured
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FIGURE 1| Map of the oceanic currents around Iceland adapted from Valdimarsson and Malmberg (1999) with sampling locations.

according to the method described by Grasshoft (1970), using
Seal Autoanalyzer AA3. Concentrations of the phytoplankton
pigments, chlorophyll a and phaeopigments retained on
Whatmann GF/F filters and extracted in 90% acetone, were
measured according to the method described by Holm-Hansen
et al. (1965), using a Turner Designs 10AU fluorometer. All
the physico-chemical and biological variables are observations
and measurements from the same station and depth as the
corresponding sample used for metataxonomics, except for seven
nutrients concentrations values for which we used as a substitute
value the average of all values available for the station within the
uppermost 20 m (corresponding to the mixed layer of the ocean).

2.2 Nucleic Acid Extractions and
Amplification for Metataxonomics

and Metagenomics

For metataxonomics, genomic DNA was extracted from each
sample using the MasterPure kit (Epicentre, Waltham, MA,
USA) following a protocol that was modified to ensure the lysis
of all organisms by adding a freeze-thaw and bead-beating step.
Briefly, 2 pl of 50 mg/ml proteinase K from the kit was diluted in
600 pl of the Tissue and Cell lysis solution. The resulting solution
was injected directly in the Sterivex filter and incubated at RT
for 3-5 min while being vortexed. The Sterivex filter was then
incubated at 65°C for 30 min under gentle agitation. The lysis
solution was retrieved, incubated at -80°C for 30 min and then
heated at 65°C for 10 min prior to adding 0.1-0.2 mm Zirconia/
Silica beads (BioSpec, Bartlesville, OK, USA). Two bead beating
sessions of 30 s at 30 Hz were done with a resting step on ice for
1-2 min in between. A total of 350 ul of MPC protein precipitation
reagent from the kit was added to the supernatant and vortexed.
After centrifugation (4°C for 10 min at 10,000 x g), 900 pl of cold
isopropanol was added to the supernatant and DNA precipitated
at -20°C overnight. After precipitation, DNA was pelleted at 4°C

for 10 min at 14,000 x g and rinsed with 500 pl of 70% ethanol,
followed by a centrifugation at 4°C for 5 min at 16,000 x g. After
being dried out, DNA was finally re-suspended in 50 pl of Tris
buffer (10 mM, pHS8). The concentration and quality of DNA
were assessed with a NanoDrop ND1000 Spectrophotometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA) before
storage at -80°C prior to amplification.

The V4 hypervariable region of the 16S small subunit
ribosomal RNA (SSU rRNA) gene was amplified using the
universal primers 515F and 806R (Apprill et al., 2015; Parada
et al, 2016) with the overhang region complementary to
Mlumina adapters (Illumina Inc., San Diego, CA, USA). PCR
amplifications were performed in triplicate for each sample and
negative and positive control were performed for each run with
respectively sterile water and Campylobacter DNA. All PCR
reactions were conducted in a final volume of 25 ul consisting
of 0.4 pg of template DNA and final concentration of 0.5 pM of
each primer, 0.2 mM dNTPs, 1X Q5 reaction buffer, 1X Q5 High
GC Enhancer and 0.02 U/pl of Q5 high-fidelity DNA polymerase
(NEB, New England Biolabs, Ipswich, MA, USA). Amplification
conditions consisted of an initial denaturation step at 98°C
for 30 s, followed by 30 cycles of 98°C denaturation for 10 s,
annealing at 50°C for 30 s and elongation at 72°C for 30 s, with
a a final extension step of 7 min at 72°C. Triplicates were pooled
together for library preparation following the protocol provided
by Illumina and called “16S Metagenomic sequencing library
preparation” (version #15044223, rev. B) for sequencing on
Ilumina MiSeq system (2 x 250 PE; Illumina Inc.) run returning
2 x 250 bp paired-end reads.

For metagenomics, the samples were processed and analyzed
as previously described (Jégousse et al., 2021). Shortly, the
genomic DNA was extracted from each sample and sequenced on
the HiSeq 4000 (2 x 150 PE; Illumina Inc.) resulting in 15 surface
seawater metagenomes that were co-assembled to reconstruct
102 microbial metagenomes-assembled genomes (MAGs).
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2.3 Taxonomic Profiling

To resolve the taxonomic profiles based on the metataxonomics
data, the raw MiSeq reads were processed with Trimmomatic
v.0.39 (Bolger et al., 2014) in pair-end mode to ensure the
pairing of reads followed by adapter removal with Cutadapt
v.2.10 (Martin, 2011) using the parameters -m 220 for
minimal length, -m 250 for maximum length, -discard-
untrimmed and -a GTGCCAGCMGCCGCGGTAA ... ATTA
GAWACCCBDGTAGTCC and -A GGACTACHVGGGTWT
CTAAT ... TTACCGCGGCKGCTGGCAC to trim the primers.
Clean paired reads were then processed in the R environment
(Team, R.C. et al, 2013; R Core Team, 2018) following the
Bioconductor workflow (Callahan et al., 2016a). First, sequences
were filtered to remove low-quality reads (with parameters
MaxEE=2 and truncQ=11). Amplicon sequence variants (ASVs)
were then resolved at single nucleotide resolution using DADA2
(Callahan et al., 2016b), which provides better accuracy in 16S
rRNA gene amplicon sequencing studies when compared with
traditional operational taxonomic units (Callahan et al., 2017).
The removeBimeraDenovo function implemented through the
DADAZ2 R package removed chimeric sequences. Taxonomy was
assigned to amplicon sequences using the DADA2’s function
assignTaxonomy, with default parameters, which uses the RDP
naive Bayesian classifier (Wang et al., 2007) against the Silva
v.138 SSU taxonomic training data formatted for DADA2
(Quast et al., 2012). Sequence counts, taxonomic assignments,
and associated metadata were compiled as a phyloseq object
for downstream analyses (McMurdie and Holmes, 2013). Only
sequences classified at the kingdom level as bacteria or archaea
were included, meaning that ASVs assigned to mitochondria
were removed, resulting a phyloseq object containing 1,019
ASVs from 32 samples. For clear visualization, we transformed
the raw proportions of ASVs to relative abundance and only
selected phyla with a relative abundance above 1% (Figure 2).
Several samples were not included due to methological failures
(during sampling, DNA extraction or sequencing).

To resolve the taxonomic profiles based on the metagenomic
data, the quality of the raw HiSeq reads was assessed and reads
were filtered as described in Jégousse et al. (2021). The cleaned
metagenomic reads were classified with Kraken v2.1.1 (Wood
et al,, 2019) with the —paired flag and default parameters. To
get a complete overview of the microbial community structure
encompassing bacteria, archaea and eukaryotes, two different
databases were used: the Genome Taxonomy Database (Parks
etal., 2018) built for Kraken2 by de la Cuesta-Zuluaga et al. (2019)
and a custom-built database including seven eukaryotic clades
(Table 1). Both databases were then formatted for estimation
of species abundance with Bracken using default parameters
(Lu et al., 2017) and results were converted to BIOM format
(McDonald et al., 2012) with kraken-biom (https://github.com/
smdabdoub/kraken-biom). This format allows data sets to be
imported in R as phyloseq objects resulting in two phyloseq
objects: one for the archaeal and bacterial taxonomic profiles and
the second for the set of eukaryotic taxonomic profiles. The two
objects were kept distinct as small eukaryotes have larger average
genome sizes which result in higher numbers of reads classified

TABLE 1 | Summary of the eukaryotic genomes used to build the custom
Kraken2/Bracken database.

Clade name Taxonomic ID Number of genomes (complete)
Chlorophyta 3041 75 (30)

Dinophyta 2864 11 (0)

Cryptophyta 3027 2(1)

Haptophyta 2830 4 (3)

Ochrophyta 2696291 47 (20)

Cercozoa 136419 1(1)

Retaria 2662056 3(0)

as small eukaryotes. As we did for the 16S rRNA gene amplicons,
we transformed the raw proportions of sequences to relative
abundance and selected phyla with a relative abundance above
1% (Figures 2B, C). The difference in mean relative abundances,
when comparing the North Shelf and South Shelf stations, was
tested by applying Wilcoxon tests. To analyze the differences
further for the two regions, taxa detected only in the North and
South Shelves were identified using the function taxa_core()
from the phylosmith package (Smith, 2019).

To compare the taxonomic profiles from metataxonomics
and metagenomics, we focused on prokaryotic profiles by
comparing the Silva’s metaxonomic profiles with the GTDB’s
metagenomic at the phylum level. In the metataxonomic profiles,
the only detected archaeal phylum name Crenarcheota (Garrity
et al,, 2001) was changed to Thermoproteota (Oren et al., 2015;
Whitman et al., 2018) to be consistent across results from both
databases. We tested the difference in relative proportions of
phyla for each sample available for both techniques using the
Chi-square test. To compare the relative proportions of specific
taxa identified on the one hand on the North Shelf and on the
other hand on the South Shelf, the mean relative proportion of
the specific taxa for each region was analyzed using the Wilcoxon
test.

Alpha diversity of marine microbial communities was
estimated based on the observed ASV richness and the Shannon
Index in the metataxonomic profiles. These alpha-diversity
estimates were calculated with phyloseq for each sample by
sampling sequences with replacement to the smallest library size
(3,130 sequences) and averaging the measure over 100 trials. The
alpha-diversity estimates as a function of the time are shown
in Figure 3 with the Pearson coeflicient and corresponding
p-values.

To investigate differences in community composition, we
implemented a principal coordinate analysis (PCoA) using
Bray-Curtis dissimilarity (Figure 4A). This required prior
transformation of the data by scaling the total raw proportions
of ASVs to median sequencing depth (12,010 reads) to avoid
using rarefaction (McMurdie and Holmes, 2014). We tested if the
clusters had different centroids using permutational multivariate
analysis of variance using Bray-Curtis distances with the function
adonis2 of the vegan package (Dixon, 2003).

To investigate the environmental factors likely associated
with changes in bacterial/archaeal community composition, we
used a constrained analysis of principal coordinates (CAP, also
called distance-based redundancy analysis) using the function
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ordinate of the phyloseq package (Figure 4B). We computed
Bray-Curtis principal coordinate scores based on linear models
using the linear combination of the selected physico-chemical
and biological variables, ie. the seawater temperature and
measured concentrations of silicate, nitrate, chlorophyll a and
phaeopigments, in the mixed surface layer at each station.
We included in the CAP only the samples collected in spring
for which all physico-chemical and biological variables were
available.

All preprocessing steps described previously were executed
as a Snakemake workflow and analysis as R scripts available at
https://github.com/clarajegousse/mime-16s.

2.4 Metabolism of Core Taxa

To investigate the potential metabolism of the core taxa on the
South Shelf and on the North Shelf, we identified core taxa as
genera with frequency in samples from the North or the South
Shelves higher than 0.5 with a minimum abundance threshold
of 0.01 using the function taxa_core of the phylosmith package
in the metagenomic taxonomic profiles. In other words, we
defined the core taxa as the genera present in at least half of the

samples collected on the one hand from the North Shelf and on
the other hand from the South Shelf, respectively with relative
abundance of these genera of at least 1% of the community. The
proportions of the core genera were computed using the function
taxa_proportions() of the phylosmith package and are shown in
Figure 5. The proportions of the core taxa were only computed on
the metagenomic taxonomic profiles (annotation from GTDB) so
that the taxonomy of these taxa could match with the taxonomic
annotations of the MAGs. Based on genus names, the core taxa
were matched to available MAGs.

The potential metabolism was predicted for the MAGs resulting
from the co-assembly of surface seawater collected around Iceland.
The prediction was performed using Anvio (Eren et al., 2015) and
the KEGG’s KofamKOALA database (Aramaki et al., 2019). Briefly,
we used the program anvi-run-kegg-kofams to extract all gene
calls from the contigs of the MAGs of the core taxa. All gene calls
were then annotated with functional annotation (K number) using
the hmmscan program of HMMER v3.1b2 (Eddy, 2011; Mistry
et al, 2013) against a hidden Markov models (HMM) database of
KEGG Orthologs (KOs) called KOfam. Then, these annotations
were used to reconstruct the potential metabolic pathways
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FIGURE 3 | Alpha diversity. (A) Chao1 diversity index as a function of time for both coastal and oceanic stations in the North and South shelves of Iceland.
(B) Shannon index as a function of time for both coastal and oceanic stations in the North and South shelves of Iceland.

using the program anvio-estimate-metabolism. The metabolic
pathways are defined by KEGG modules as set of KOs and if at
least 75% of the KOs (genes) within the KEGG module (pathway)
were found, the pathway in question is considered complete.
In this study, we focused on energy metabolism using the five
KEGG modules, namely carbon fixation, methane metabolism,
nitrogen metabolism, sulfur metabolism, photosynthesis, in
our subset of the 17 MAGs of the core taxa previously identified
(Supplementary Table S2). The results were manually curated to
remove false positives — pathways considered present while they
are recorded as incomplete in KEGG.

3. RESULTS

3.1 Microbial Community Composition
When comparing the taxonomic profiles obtained with the two
methods - the metataxonomic and metagenomic profilings with

the GTDB - the bacterial and archaeal community composition
is consistent for the 12 samples that were studied with both
methods. For each sample, no significant difference in taxonomic
profiles was detected (Chi-square test, Supplementary File
§3). The mean relative proportions of each phylum observed
with metataxonomics did not show significant differences
(Wilcoxon test) with the mean relative proportion of each
phylum with metagenomics profiles. This further confirms the
overall consistency between the two methods in terms of relative
abundance and mean proportion of taxa at the phylum level.
However, the Firmicutes phylum represents on average less than
1% of the microbial community in the metataxonomic profiles,
while it represents on average 3% of the metagenomic taxonomic
profile.

We compared the taxonomic profiles of the North and South
Shelves of Iceland. In both metataxonomic profiles and metagenomic
taxonomic profiles, Proteobacteria (Alphaproteobacteria and
Gammaproteobacteria) and Bacteroidota represent the largest
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component of marine bacterial communities in both shallow
and deep stations north and south of Iceland (Figures 2A, B)
with average proportions of 52.6% + 14% for Proteobacteria
and 33.5% + 12.8% for Bacteroidota. In most of the samples
(25 samples out of 32) Proteobacteria is the most abundant
phylum with roughly equal proportions of Alpha- and
Gammaproteobacteria and no significant differences in mean
relative abundance. Bacteroidota is the most abundant phylum
in seven samples from which six were collected from shallow
stations (SI3 and SB2) and one was from the deeper station at
Selvogsbanki (SB5). The main difference between the North and
South Shelves is the relative abundance of Cyanobacteria that
almost only consist of genus Synechococcus (either classified
as Synechococcus CC9902 in Silva or as Synechococcus_C and
Synechococcus_E in GTDB). There is a significant difference
in the relative proportions of Cyanobacteria when comparing
pairs of stations that are located on different shelves. Moreover,
pairwise comparison of individual stations on the same shelf
show no significant differences in the mean relative abundances
of Cyanobacteria (Table 2). Overall Cyanobacteria are more
abundant in the warmer Atlantic water south of Iceland than
in the colder water north of Iceland, which is also visible in

the difference of relative coverage of the Synechococcus MAG
(Figure 6C).

When investigating the metagenomics profiles, one genus in
the Actinobacteria phylum was solely detected in samples from
the North Shelf, with a relative abundance above 1% (Figure 2B).
This exclusively northern taxon belongs to the genus Aquiluna
and was mostly detected in the sample collected in summer 2017
at the north shallower station off Siglunes 3 (SI3).

In the metagenomic taxonomic profiles for marine eukaryotes
at the phylum level, Ochrophyta is the main component of the
eukaryotic communities in the south while, Chlorophyta is
the main component in samples from the more arctic stations on
the North Shelf (Figure 2C). The relative proportions of Myzozoa
range from 0.02% to 0.08% of the eukaryotic community.
Haptophyta proportions are highly variable between samples.
Haptophyta represent less than 5% of the community in spring
2016 but more than 30% of the community observed in samples
from the South Shelf in spring 2018 (Figure 2C).

Variations in microbial diversity within samples (alpha-
diversity) are shown in Figures 3A, B based on metataxonomics.
The richness Chaol index displays no significant correlations
with time except for the shallower station of Selvogsbanki (SB2)
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TABLE 2 | Results of pairwise comparison of the mean relative abundances of Cyanobacteria between the four stations.

Compared stations p-value adjusted p-value significance
1 Selvogsbanki 5 x Selvogsbanki 2 0.3282 0.6400 ns
2 Selvogsbanki 5 x Siglunes 3 0.0047 0.0230 *
3 Selvogsbanki 5 x Siglunes 8 0.0013 0.0081 *
4 Selvogsbanki 2 x Siglunes 3 0.0498 0.1500 *
5 Selvogsbanki 2 x Siglunes 8 0.0180 0.0720 *
6 Siglunes 3 x Siglunes 8 0.3181 0.6400 ns

The p-values are considered non significant (ns) when above 0.05, significant (*) between 0.01 and 0.05, and very significant (**) between 0.001 and 0.01.

in the south. In this case, the Chaol richness index is strongly
correlated with time (R? = 0.92; p-value<0.01) indicating an
increase in diversity over the years. The evenness of the microbial
communities was measured using the Shannon index which
does not show any significant correlation with time. Both alpha-
diversity estimates - Chaol and Shannon - fluctuate more in
samples from deeper stations, both north and south, compared
with the shallower stations with an average Chaol index of 132
+ 37 in shallow stations against 123 + 42 in deeper stations.
However, there was no significant differences observed in either
of the two alpha-diversity estimates between stations (Anova,
p=0.896 and p=0.632 respectively for Chaol and Shannon
estimates).

The PCoA based on Bray-Curtis dissimilarities (beta-diversity)
shows a clustering pattern of the microbial surface communities
in accordance with the different subregions, north and south
of Iceland (Figure 4A), matching the different water masses.
Clustering based on ASV profiles revealed distinct microbial
communities, i.e. matching the Arctic Water influenced station
SI8, the Atlantic-influenced station SB5 and the two shallower
stations SI3 and SB2 with more variable water masses. The first
principal coordinate (axis 1) of Bray-Curtis sample dissimilarities
explained 23.8% of variation in archaeal and bacterial community
composition across all samples while the second principal
coordinate (axis 2) explained 17.8% of variations within these
communities. It shows differences between the shallow and deep
stations, as well as the North and South Shelves. These differences
correspond to different water masses and currents, suggesting that
the characteristics of these water masses are influencing factors.
The canonical analysis of principal coordinates (Figure 4B)
shows the environmental variables associated with these changes
in community composition: the northern samples are associated
with colder water temperature and higher concentrations in
silicate and nitrate, while the southern shallow samples are
associated with warmer water temperatures and higher levels of
pigment (phaeopigments and chloropyll a).

3.2 Core Taxa and Their

Metabolic Potential

In the metagenomic taxonomic profiles, we identified 22 core
taxa within the bacterial-archaeal community and 22 in the
eukaryotic community. In the bacterial community, the core taxa
species include 12 Proteobacteria, seven Bacteroidota, and one
Cyanobacteria, one Marinisomatota and one Verrumicrobiota
in the bacterioplankton (Figure 5). More than half (15/22)

of these core taxa correspond to available MAGs. The most
dominant core taxon belongs to the genus Pelagibacter, member
of the ubiquitous SAR11 clade. In the eukaryotic community
the core taxa include 13 genera of Ochrophyta, of which one
of the genera is the common diatoms Thalassiosira, while two of
the genera are the macro-algae Macrocystis and titCladosiphon,
and the seven genera of flagellates and monades, i.e. Dinobryon,
Chromulinospumella, ~ Syruna, Mallomonas, Pedospumella,
Spumella and Epipyxis. In addition, genera Nannochloropsis,
Triparma and Chromulin are also three core taxa belonging to
the Ochrophyta pylum. Moreover, there are four chlorophytes, of
which one is the macroalgaea Ulva, and three are photosynthetic
marine picoplanktonic monades Bathycoccus, Micromonas and
Picochlorum. Lastly, there are three Myzozoa (two free-living
dinoflagellates Prorocentrum and Polarella, and one symbiont
Symbiodinium) and two Haptophyta genera, Emiliana and
Chrysochromulina. Only two of the eukaryote genera were also
correspond to available MAGs from the co-assembly of surface
seawater metagenomes.

The potential energy metabolism of these core taxa was
investigated (Figure 6). More than half of the genes (KO)
involved in carbon fixation coding for the 3-hydroxypropionate
bi-cycle (M00376) and the Calvin-Benson cycle (M00165) were
identified for all core taxa. Pathways of the methane metabolism
were present in 17 of the core taxa. The formaldehyde
assimilation pathway was found in all studied MAGs. The
assimilatory nitrate reduction (M00531) was only found for
Micromonas (METABAT_71), Bathycoccus (METABAT_142)
and Synechococcus (METABAT_194). Nitrate is the dominant
form of biologically available nitrogen and is rapidly assimilated
by phytoplankton in surface seawaters (Gruber and Galloway,
2008). Nitrite-oxidizing bacteria are found within four bacterial
phyla: Proteobacteria, Nitrospirae, Nitrospinae and Chloroflexi
(Daims et al.,, 2016). Almost complete pathways involved in
the photosynthesis were identified such as the anoxygenic
photosystem II for Planktomarina (METABAT _178), the
photosystem I for the Chlorophyta, Micromonas (METABAT_71)
and Bathycoccus (METABAT_142) and for the Cyanobacteria
Synechococcus (METABAT _194). Finally, the photosystem II
was onlyfound for Synechococcus (METABAT_194). Pathways
involved in the sulfur metabolism were found for assimilatory
sulfate reduction (MO00176), dissimilatory sulfate reduction
(M00596) and thiosulfate oxidation (M00595). The assimilatory
sulfate reduction was found for 13 of the 17 core taxa: only in
the MAGs for the two Flavobacteriacea members: SGZJ01
(METABAT _136) and SCGS-AAA160-P02 (METABAT_9), for
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the two Cryomorphaceae members: MED_G11 (METABAT_224)
and MAG_121220-bin8 (METABAT _174) and for the
Porticoccaceae member SAR92: D2472 (METABAT_22) this
pathway was not reconstructed. Finally, the thiosulfate oxidation
pathway (M00595) was identified only for Amylibacter.

The relative coverage of MAGs (Figure 6C) may indicate
that UBA1994 (METABAT_67), a member of Saprospiraceae,
and Polaribacter (METABAT _133) thrive best in oceanic water
north of Iceland whereas genus MED-G11 (METABAT_224),
Synechococcus(METABAT _194), Planktomarina(METABAT _178),
Amilybacter (METABAT_181) and Thioglobus (METABAT _121)
apparently prefer the oceanic water south of Iceland and
Amylibacter the shallower part of the South Shelf.

4. DISCUSSION

The combination of metataxonomics and metagenomics give
a first insight of taxonomy and metabolic potential of the
microbial communities in Icelandic marine waters. For the
metataxonomics, the 16S rRNA gene amplicons were obtained
with the EMP primers which were designed in a global effort to
create a catalogue of microbial life across habitat (Apprill et al.,
2015; Parada et al., 2016). This makes the dataset comparable to
other datasets of 16S rRNA amplicons from different regions of
the global ocean. Because 16S rRNA gene amplicon sequencing
is known to have many biases such as the PCR bias (Brooks et al.,
2015), metagenomics were used as a complementary taxonomic
analysis in this study. The consistency between the taxonomic

profiles obtained with both methods highlights the reliability
of our results (Brumfield et al., 2020). Therefore the taxonomic
profiles in this study can be a reliable baseline for monitoring the
marine microbial diversity around Iceland.

This study describes a stable microbial diversity in both the
North and South Shelves waters since 2011, under the Atlantic
influence of the North Atlantic Oscillation (NOA) phenomenon
(Desbruyeres et al., 2021). However, this study also reveals a
correlation between the microbial community structure and the
water masses from which the samples were collected. Despite
inter-annual variations the marine microbial communities are
constrained by specific environmental conditions influenced by
the time and region such as the average sea surface temperature
and nutrient availability. Our results suggest that the average sea
surface temperature is the main driver in microbial composition
which corroborates recent findings in the same region by Carter-
Gates et al. (2020).

The energy metabolic potential of the 17 core taxa (15
prokaryotes and two eukaryotes) is presented alongside the
completeness and the average mean coverage of the MAGs
(Figure 6C). The prediction of the presence or absence of
metabolic pathways in each MAG depends on the identification
of at least 75% of the genes involved in each pathway. This
approach is limited by incompleteness of MAGs and the variable
number of genes (KO) involved in a pathway (module) because,
in the KEGG database, some pathways have as little as three
genes (KO) while some pathways have more than 50 genes. Thus,
this approach can result in both false positive and false negative
but can provide information on uncultured species. For example,
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the thiosulfate oxidation pathway (M00595) is not detected
in Planktomarina (METABAT_178), however this pathway
recorded as complete in species Planktomarina temperata RCA23
(KEGG entry ptp_MO00595). Thus, it is likely that the absence
of thiosulfate oxidation pathway (M00595) is a false negative
and is indeed present in Planktomarina. Beside, this pathway
is considered present in Amylibacter (METABAT _181), which
also belongs to the Rhodobacteraceae family, but unfortunately
has no data available in KEGG. Similarly, four core taxa (two
bacteria and two eukaryotes) with potential photosynthetic
activity were identified: Planktomarina,  Synechococcus,
Bathycoccus and Micromonas. The absence of photosystem II
in photosynthetic eukaryotic MAGs can be explained by the
relatively lower completeness scores of these two MAGs, with
67.5% for Bathycoccus and 62.7% for Micromonas, compared
with 15 prokaryotic MAGs that have an average completeness
score of 77.8%. Indeed, the relatively large size and complexity
of eukaryotic genomes complicate the resolution of eukaryotic
MAGs (Zhang et al., 2011). The representant of the genus
Planktomarina harbor the anoxygenic system I, suggesting the
ability to acquire energy using aerobic anoxygenic photosynthesis
as described by Giebel et al. (2019). The other key photosynthetic
bacteria belongs to the genus Synechococcus, in which we detect
most of the genes involved in the photosystems I and II. The
relative mean coverage of the Synechococcus bin corroborates the
pattern displayed in the taxonomic profiles, with a high mean
coverage on the South Shelf suggesting a higher proportion of
this genus in the southern microbial communities.

In the eukaryotic microbial community, several of the genera
identified in this study are known as freshwater organisms (e.i.
Dinobryon, Chromolinospumella, Mallomonas, Pedospumella,
Syruna, Spumella and Epipyxis). This is explained by the presence
of sequencing reads in our data set that matched our custom-
made database of eukaryotic genomes (Table 1). It is likely that
these reads belong to the genomes of marine organisms, related
to these freshwater organisms, that do not have a reference
genomes in NCBI. Indeed, eukaryotic genome databases are
biased toward multicellular organism with a lack of available
genomes for unicellular eukaryotes (del Campo et al., 2014).
Our results highlight the need for more reference genomes of
unicellular eukaryotes as Sibbald and Archibald (2017) also
recommended. Besides, the presence of macroalgae likely results
from the inclusion of the Ochrophyta phylum in the custom
made Kraken database. The Ochrophyta phylum is diverse and
includes, according to NCBI, diatoms, golden algae as well as
brown algae. Some members of the Ochrophyta phylum are
macroalgae, namely genera Macrocystis, Ulva, Cladosiphon. For
reproduction, these algae form swarms of spores which may
spread over long distances and could explain the presence of
these organisms in our data set.

The main distribution difference between the northern and
southern microbial communities is the type of photosynthetic
core taxa: Cyanobacteria in the samples collected from the South
Shelf and chlorophytes in the samples collected from the North
Shelf. As autotrophs in general, photosynthetic picoeukaryotes
are sensitive to water temperature, as well as the available light
and nutrient concentrations (Kirkham et al., 2011). Thus, changes

in average sea surface temperature may lead to the redistribution
of certain taxa. In one scenario, parts of the Arctic Ocean would
keep warming up and transition from cold and stratified waters
to a warm and well-mixed Atlantic-dominated waters (Lind et al.,
2018). In this case, temperate adapted marine microorganisms
from the Atlantic water masses may replace cold water taxa from
the polar water masses. In particular, cyanobacteria are predicted
to expand in higher latitudes as a consequence of global warming
(Moran et al., 2010; Flombaum et al., 2013). Accordingly, one
may expect to find higher proportions of Cyanobacteria -
Synechococcus north of Iceland in the near future. However, on
the other hand there are evidences of the decline in strength
of the AMOC with a weakening the North Atlantic Current
flowing south of Iceland. If so, the warmer waters carried by the
Atlantic current will not reach as far north as they currently do.
In this case, it becomes unlikely that southern Cyanobacteria
would expand its distribution to the north of Iceland. If this
later scenario takes place, one would expect that the southern
microbial community would retreat further south and be
replaced by higher proportions of unicellular photosynthetic
eukaryotes such as Micromonas and Bathycoccus over the South
Shelf of Iceland. Either way, this study highlights the relevance
of monitoring such photosynthetic species, as indicator species.

Our results provide a foundation for future monitoring of
microbial community composition in Icelandic marine waters.
This study revealed that the main difference between the
North Shelf and the South Shelf is the relative abundance of
photosynthetic microorganisms: members of the Chlorophyta
clade more abundant in the north and the cyanobacteria
Synechococcus in the south. Presumably, more differences may
be expected in the microbial communities found deeper in
the water-columns in the study area, where environments are
more constant through out the year, closer to the bottom with
the contrasting water masses north and south, separated by the
ocean ridges. On the other hand, one may also expect to observe
more variability in the microbial communities in the surface layer
than found in this presented study, if the sampling covered all the
seasons in the high latitudes. Therefore further investigation is
needed for a comparison with our description of the spring and
summer microbial communities in the waters around Iceland
that highlighted the potential of Synechococcus, Bathycoccus
and Micromonas as indicator species. Data on such candidate
indicator species are valuable as they are needed for ecosystem
monitoring and modeling as well as sustainable management of
the Icelandic waters.

The marine waters around Iceland represent a contrasting
and dynamic ecosystem that have been under-sampled for
microbiome analyses compared to lower latitudes. Until very
recently, there was a lack of published microbial community
structure data for this marine environment outside of the datasets
from large scale surveys such as the Tara Oceans (Sunagawa et al.,
2015; Sunagawa et al., 2020) and Malaspina expeditions (Duarte,
2015). The MIME project provides a temporal and regional
view of the Icelandic marine microbial communities and their
relative abundance studied with a combination of two well-
established methods based on DNA sequencing: metagenomics
and metataxonomics. The results of this study are consistent with
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major trends in marine microbial studies with bacterial phyla
Proteobacteria and Bacteroidota and Cyanobacteria found to be
the dominant as described in the structure of the global ocean
microbiome (Sunagawa et al., 2015). These data are potential
resources for further analysis of the distribution and temporal
variations of specific taxonomic groups and provide baseline
information and insights into the relationship between microbial
communities and their surrounding environments in Icelandic
marine waters, which is valuable for comparison with other
large-scale surveys and future monitoring.
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