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Abstract
One of the most prominent manifestations of climate change is the changing Arctic sea-ice regimewith a reduction in the summer
sea-ice extent and a shift from thicker, perennial multiyear ice towards thinner, first-year ice. These changes in the physical
environment are likely to impact microbial communities, a key component of Arctic marine food webs and biogeochemical
cycles. During the Norwegian young sea ICE expedition (N-ICE2015) north of Svalbard, seawater samples were collected at the
surface (5 m), subsurface (20 or 50 m), and mesopelagic (250 m) depths on 9 March, 27 April, and 16 June 2015. In addition,
several physical and biogeochemical data were recorded to contextualize the collected microbial communities. Through the
massively parallel sequencing of the small subunit ribosomal RNA amplicon and metagenomic data, this work allows studying
the Arctic’s microbial community structure during the late winter to early summer transition. Results showed that, at composi-
tional level, Alpha- (30.7%) and Gammaproteobacteria (28.6%) are the most frequent taxa across the prokaryotic N-ICE2015
collection, and also the most phylogenetically diverse. Winter to early summer trends were quite evident since there was a high
relative abundance of thaumarchaeotes in the under-ice water column in late winter while this group was nearly absent during
early summer. Moreover, the emergence of Flavobacteria and the SAR92 clade in early summer might be associated with the
degradation of a spring bloom of Phaeocystis. High relative abundance of hydrocarbonoclastic bacteria, particularly Alcanivorax
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(54.3%) andMarinobacter (6.3%), was also found. Richness showed different patterns along the depth gradient for prokaryotic
(highest at mesopelagic depth) and protistan communities (higher at subsurface depths). The microbial N-ICE2015 collection
analyzed in the present study provides comprehensive new knowledge about the pelagic microbiota below drifting Arctic sea-ice.
The higher microbial diversity found in late winter/early spring communities reinforces the need to continue with further studies
to properly characterize the winter microbial communities under the pack-ice.

Keywords Arctic Ocean .Microbiota . SSU rRNA amplicon . Diversity . Structure . Prokaryotes . Protists . Sea ice

Introduction

Over the last 30 years, the Arctic summer sea-ice extent
and thickness have drastically decreased [1, 2]. As a
consequence, the ice pack became much younger, and
the older and thicker multiyear ice (MYI) that survives
summer melt has largely disappeared and been replaced
with first-year ice (FYI) [3–5]. The thinner and younger
sea-ice regime that the Arctic is facing leads to changes
in Arctic phytoplankton dynamics and biogeochemistry
[6–10].

The biogeochemical and ecological implications of the
changing Arctic sea-ice regime need to be monitored in detail
at different trophic levels in order to assess its consequences
for primary production and ecosystem sustainability.
Microbial communities play a central role when evaluating
the ecological impact of the Arctic’s thinner ice regime, as
they form the dietary basis of marine food webs and are cen-
tral players in biogeochemical cycles.

Previous studies on the structure and diversity of mi-
crobial communities in sea-ice and the underlying water
column showed comparable microbial diversity but dis-
tinct differences in the relative contribution of the major
taxa [11–13]. At the compositional level, one of the most
remarkable differences is the low abundance of the
Archaea domain in sea-ice compared with polar surface
waters where they are highly abundant [11, 14]. In addi-
tion, a transition from stable MYI to transient FYI bacte-
rial communities is expected [13], reflected in the reduc-
tion of thaumarchaeotes observed in the surface waters
after the sea-ice minimum in September 2007 [8].
Wilson et al. [15] identified the light regime and phyto-
plankton blooms as the main variables responsible for
shaping marine prokaryotic communities throughout an
annual cycle, with particular focus on the light-inhibited
Thaumarchaeota class, which was abundant in winter sur-
face waters but nearly absent during spring/summer sea-
sons. Recently, this pattern was further linked to water
mass characteristics [16].

Marine picoeukaryotes have been reported as the main
photosynthetic protists in the Arctic Ocean [17, 18], most-
ly related to Phaeocystis sp. and Micromonas sp.
(mixotrophic), and their distribution has been associated

to water mass characteristics. Indeed, it has been reported
that early Phaeocystis pouchetii spring blooms will de-
plete the nitrate surface inventory [8, 9] with possible
negative effects on the magnitude of the diatom spring
bloom [6]. As a direct consequence, a shift in dominance
from diatoms towards P. pouchetii and other small-sized
phytoplankton, which are much more competitive under
nutrient-limiting conditions, has been noticed in recent
years [19–22]. On the other hand, cyanobacteria are being
described as nearly absent phototrophs in these ecosys-
tems [11, 23]. Indeed, Fernández-Méndez et al. [24] found
only one nitrogen-fixing cyanobacterial phylotype re-
trieved in sea ice, suggesting that nitrogen-fixing
cyanobacteria are rare in the Central Arctic Ocean.
Instead, most of the diversity of the nifH gene retrieved
from sea ice, water column, and melt ponds of the Arctic
Ocean was affiliated with non-cyanobacterial phylotypes
such as Proteobacteria from nifH Cluster I and
Deltaproteobacteria (including anaerobic diazotrophs),
from nifH Cluster III [24]. Despite these observations,
the Arctic Ocean’s microbial communities are poorly
characterized at a genetic level, especially north of
Svalbard [25], which is well mirrored by the limited num-
ber of recently published works [15–18, 24]. Those few
studies focused on specific functional groups of microbial
communities based on their ecological role, i.e., photo-
synthetic picoeukaryotes, marine prokaryotes, and
diazotrophs. In addition, the dynamics of winter microbial
communities (prokaryotic and protist) underneath the
Arctic ice pack are still poorly known [25].

This study describes the pelagic microbial communities
below the drifting sea-ice during the Norwegian young sea
ICE expedition 2015 (N-ICE2015) [26] that took place in
the ice pack north of Svalbard, between January and
June 2015. N-ICE2015 provided the environmental context
for the high-throughput Illumina amplicon and metagenomic
(regarding 16S rRNA genes) sequencing data for this study to
improve current knowledge about the microbiota of the Arctic
Ocean. It was also evaluated how the prokaryote and protist
diversity is structured vertically and temporally during the late
winter to early summer transition in order to get an insight
about how microbial communities are being shaped by the
changing sea-ice regime.
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Methods

Sampling Sites

During the N-ICE2015 expedition, drifting ice camps in the
southern Nansen Basin of the Arctic Ocean were established
using RV Lance as a research platform and comprehensive
data sets of the atmosphere-snow-ice-ocean system were ob-
tained [26]. This study uses environmental data collected dur-
ing N-ICE2015 that are described in detail in other papers and
datasets [27–29].

Three microbial sample sets (n = 9) were collected on 9
March, 27 April, and 16 June during the drift of floes 2, 3,
and 4 respectively [26]. Seawater was collected under snow-
covered sea-ice at the surface (5 m), subsurface (20 or 50 m),
and mesopelagic (250 m) depths. The northernmost site sam-
pled on 9 March was situated over the deep Nansen Basin
(NB) and the southernmost site sampled on 16 June was col-
lected over the shallower Yermak Plateau (YP) (Fig. 1). We
refer to the site sampled on 27April over the slope towards YP
as the Transition Region (TR) (Fig. 1). The area of

investigation falls within the Yermak and Svalbard branches
of the West Spitsbergen Current (WSC) that transports warm-
er and saltier Atlantic water along the West coast of Svalbard
into the Arctic Ocean [29]. The advection of relatively warm
Atlantic water masses has a profound effect on the Eastern
European Arctic including the Svalbard Archipelago [31].
Three distinct water masses, regarding temperature and salin-
ity properties, can be differentiated in our investigated area
[29]: 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).
Additionally, the melting sea-ice influences the formation of
warm polar surface waters (PSWw) over the YP during
springtime [29].

The sampling does not allow a clear separation between
temporal and spatial variability. However, following Meyer
et al. [29], similar water masses were sampled in the three
da t e s when mic rob i a l s amp l e s we r e co l l e c t ed
(Supplementary Table S1 and Supplementary Fig. S1) with
the exception of MAW, sampled in 9 March and 27 April,

Fig. 1 Map highlighting the
sampling sites north of Svalbard.
Samples were collected at
surface, subsurface, and
mesopelagic depths over Nansen
Basin (square, NB, 09.03.2015),
Transition Region (triangle, TR,
27.04.2015) and Yermak Plateau
(diamond, YP, 16.06.2015; see
Supplementary Table S1). Map
was done using the oceanmap R
package [30] and with the public
available bathymetry downloaded
from the NOAA ETOPO1
repository
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versus AW, sampled on 16 June. This similarity reduces the
difficulties in interpreting the data and in contrasting observa-
tions done during in different seasons.

Water Column Sampling: Environmental Data
and Microbial Collection

Details about the equipment used for physical, chemical, and
biological water samples during N-ICE2015 are given in
Meyer et al. [29]. This included a vessel-mounted CTD and
a CTD operated through a hole made in the ice, both attached
to a multi-bottle carousel water sampler. The former CTD
(conductivity, temperature, and depth) included several sen-
sors to measure, apart from salinity and temperature, chloro-
phyll, fluorescence (WETLabsECO-AFL model no. FLRTD-
1547), and photosynthetically active radiation (PAR, model
no. QCP2300-HP). Moreover, Ice-Atmosphere-Arctic Ocean
Observing System (IAOOS) profilers equipped with a CTD
and microstructure profilers with temperature, conductivity,
and depth sensors were also employed.Water samples collect-
ed during CTD deployments were used to measure a large
number of variables including concentrations of oxygen, am-
monium (NH4

+), nitrate (NO3
−) plus nitrite (NO2

−), phosphate
(PO4

3−), silicic acid (SiO4
4−), total dissolved nitrogen (TDN),

dissolved organic carbon (DOC), particulate organic carbon
(POC) and nitrogen (PON), chlorophyll, and phaeopigments.

The water column physical and biogeochemical data men-
tioned in the previous paragraph are described and available in
Peterson et al. [27] and Assmy et al. [28]. All the measure-
ments made regarding the physical and biogeochemical data
contextualizing the environment of the microbial N-ICE2015
collection are presented in Table 1.

In order to get reproducible, reliable, and compatible re-
sults, we adopted the scheme from the Ocean Sampling Day
campaign, from sampling to sequencing the small subunit of
ribosomal RNA (SSU rRNA) and the environmental DNA
(shotgun metagenomics) of microbial communities [33]. The
seawater was collected using a GoFlow bottle (20 L) and then
filtered through a Sterivex® Filter with a 0.22 μm pore size,
hydrophilic, PVDF, Durapore membrane (SVGV010RS,
MerckMillipore, Portugal) with the help of a peristaltic pump.
The filters were sealed and stored at − 80 °C until further
analysis. See sample IDs assigned to each sample and their
summarized description in Supplementary Table S1.

DNA Extraction, PCR, Library Preparation,
and Sequencing of SSU rRNA Amplicons
and Metagenomes

SterivexTM filters were thawed at room temperature and the
plastic cover that surrounds the filter was cut off to remove the
filter itself. Then, DNA extraction was performed using the

PowerWater® DNA Isolation Kit protocol (MO BIO
Laboratories, Inc.) following the manufacturer’s instructions.

The 16S rRNA gene was amplified with the primer pair
515YF (5′ - GTGYCAGCMGCCGCGGTAA - 3′) and
Y906R-jed (5′ - CCGYCAATTYMTTTRAGTTT- 3′), which
was designed by Caporaso et al. [34, 35] and the latter mod-
ified byApprill et al. [36] and Parada et al. [37]. The primer set
has as target the V4-V5 hypervariable regions of the 16S
rRNA gene. Both primers (515YF/Y906R-jed) have a degen-
eracy to cover a broad spectrum of diversity, specifically the
Crenarchaeota/Thaumarchaeota (degeneracy at 515YF) phy-
lum and the marine and freshwater clade SAR11
(alphaproteobacterial class; degeneracy at Y906R-jed)
(http://www.earthmicrobiome.org) [36, 37]. The 18S rRNA
gene was amplified with the primer set described in Stoeck
et al. [38], TAReuk454FWD1 (5′ – CCAGCASCYGCGGT
AATTCC – 3 ′) and TAReukREV3_modified (5 ′ –
ACTTTCGTTCTTGATYRATGA – 3′), with the exception
of reverse primer (TAReukREV3_modified) which had an
additional TGA triplet added at the 3′ end compared to the
original [39]. This primer set amplifies the V4 region of the
18S rRNA gene.

Both SSU rRNA genes independently amplified by PCR
were used to build Illumina paired-end libraries sequenced on
an Illumina MiSeq platform using 2 × 300 bp, V3 Chemistry
(Illumina). These steps were performed by LGC Genomics
(LGC Genomics GmbH, Berlin, Germany) and a detailed de-
scription is given in Ribeiro et al. [40].

The source of environmental DNA used to prepare the nine
libraries for shotgun metagenomic sequencing was the same
as previously used to sequencing the SSU rRNA amplicon
genes according to the following steps: (i) the quality of envi-
ronmental DNAwas checked in an agarose gel; (ii) eDNAwas
sheared in small pieces (600 bp) using a Covaris sonicator and
the fragments of selected size purified using AMPure XP
beads (Agencourt); (iii) about 200 ng per sample of
fragmented DNA was picked to construct Illumina libraries
using the Ovation Rapid DR Multiplex System 1–96
(NuGEN); and (iv) the libraries were pooled and the size pick-
ed through gel electrophoresis. Finally, paired-end sequencing
of Illumina libraries was performed on an Illumina MiSeq
sequencer using V3 Chemistry (Illumina). All the steps men-
tioned before were performed by LGC Genomics (LGC
Genomics GmbH, Berlin, Germany).

Bioinformatics Pipeline for SSU rRNA Amplicons

Upstream Sequence Analysis: Raw OTU Table

The mothur pipeline was used to preprocess and assign tax-
onomy independently for each SSU rRNA library, i.e., 16S
and 18S rRNA datasets, from the N-ICE2015 campaign fol-
lowing the MiSeq Standard Operating Procedure (SOP)
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(https://www.mothur.org) [41]. Individually, the primer
clipped forward and reverse reads of each library were
joined from raw Illumina fastq files (mothur v. 1.39.5) [42].
Merged reads with ambiguities and sequences that were
outside the 360–380 bp and 365–385 bp ranges, for the 16S
and 18S rRNA amplicon datasets, respectively, were exclud-
ed. The remaining sequences were dereplicated and aligned
against the SILVA database (v. 1.2.8) [43]. Those that did not
align were excluded as well as the ones with homopolymers
(n > 8). After undergoing thorough a dereplication step, the
unique sequences that differ within 3 base pairs similarity from
a more abundant one were clustered together. Chimeras were
identified de novo and removed with UCHIME [44]. Then, the
unique reads were assigned against SILVA (v. 1.2.8) using the
RDP naïve Bayesian Classifier [45]. Undesirable lineages,
BChloroplast^, BMitochondria^, Bunknown^, and BEukaryota^,
were removed from the 16S dataset; while BVertebrata^,
BAnnelida^ BArthropoda^, BCnidaria^, BCtenophora^,
BEchinodermata^, BFlorideophycidae^, BMollusca^, BPav3^,
BD226^, BFV18-2D11^, and BTunicata^, were excluded from
18S. Afterward, a distance matrix was calculated and the se-
quences clustered into OTUs (operational taxonomic units) using
0.03 and 0.02 cut-off values for the 16S and 18S rRNA amplicon
datasets, respectively, with OptiClust [46]. Finally, the 16S and
18S rRNA amplicon-based OTU tables were built.

Downstream Sequence Analysis: Composition

The OTU tables in biom format were imported to QIIME (v.
MacQIIME 1.9.1) [47] to exclude rare OTUs (< 5 observa-
tions across samples) and rarefy at even sampling depth (to the
sample with the lowest number of reads), 38,232 and 43,289
reads for 16S and 18S rRNA amplicon-based OTU tables,
respectively. The number of sequences filtered during each
upstream step for the 16S and 18S rRNA amplicon datasets
is summarized in Supplementary Tables S2 and S3, respec-
tively. The distribution of prokaryotic taxa across N-ICE2015
collection at phylum, class, order, family, genus, and OTU
levels is provided in Supplementary Table S4, the raw pro-
karyotic OTU table (without excluding any taxa, rare OTUs
neither rarefying) in Supplementary Table S5, and the distri-
bution of eukaryotic taxa at different taxonomic ranks in
Supplementary Table S6. All of the downstream analysis re-
ported here was conducted in duplicate for the 16S and 18S
rRNA datasets based on information retrieved from
Supplementary Tables S4 and S6, respectively.

Downstream Sequence Analysis: Diversity and Structure

Amultiple-sequence alignment with representative sequences
of each OTU through 1000 iterations was performed using
MAFFT (v. 7.310) [48] to build a maximum likelihood
(ML) tree under the GTRGAMMA model with 1000

bootstrap replicates using RAxML (pthreads v. 8.0.26) [49].
The OTU table (without undesirable lineages) and the con-
structed ML tree were used to obtain alpha and beta diversity
metrics (using QIIME). Three different alpha diversity metrics
were calculated: the OTUs richness, the Shannon diversity
[50], and Faith’s phylogenetic diversity (PD) [51]. OTUs rich-
ness was based on the number of clustered OTUs (0.03 and
0.02 cut-off values for the 16S and 18S rRNA amplicon
datasets retrieved from the Supplementary Tables S2 and
S3), and the Faith’s PD was calculated using the minimum
distance that results from the sum of all branches within the
community phylogeny necessary to span all phylotypes
(=OTUs) that composed the community [51, 52]. Faith’s PD
was chosen because it is a suitable diversity metric for biodi-
versity assessment studies since it relies on the feature diver-
sity inherent to the genetic sequences that compose one com-
munity instead of the distribution of taxonomic ranks per se
[52]. In addition, the Pielou’s evenness index was calculated
to study the equitability of OTUs abundances [53]. For beta
diversity, the unweighted UniFrac metric was estimated [54,
55] subsampling the 16S and 18S datasets at 38232 and
43,289 sequences, respectively, to obtain a distance matrix
that was visualized using the Principal Coordinate Analysis
method (PCoA). Results concerning beta and alpha diversity
were obtained with the phyloseq R package (v.1.22.3) [56].
Finally, Pearson correlations were calculated using the Hmisc
package (v. 4.1.1) [57] and visualized through the corrplot (v.
0.84) [58] package in R (v. 3.4.3) [59]. In addition, specific
Pearson’s correlations were calculated for microbial groups of
interest.

All bar plots displayed herein were produced with ggplot2
(v. 2.2.1) [60].

Microbial Association Network Analysis

The SParse InversE Covariance estimation for Ecological
Association and Statistical Inference pipeline (SpiecEasi R
package v.0.1.4) was used to construct meaningful microbial
ecological networks from the 16S and 18S OTU tables
(Supplementary Tables S4 and S6) [61]. SpiecEasi was cho-
sen because it can handle compositional data with higher p
(OTUs) > n (samples) and it tries to reduce the spurious rela-
tionships often inferred by methods relying on correlations
due to the erroneous assumption of independence between
microbial OTUs [61]. Two microbial networks were built,
one based on the top 50 and other on the top 100 most abun-
dant prokaryotic and eukaryotic OTUs retrieved from
Supplementary Tables S4 and S6. This OTU selection was
done to reduce the computational costs and the complexity
for the practical visualization of the networks. The top 50
prokaryotic OTUs (representing 80% of the 16S dataset) were
joined together with the top 50 eukaryotic OTUs (74% of 18S
dataset), as well as the top 100 prokaryotic OTUs (88%) with
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the eukaryotic ones (83%) in order to infer prokaryotic-pro-
karyotic, eukaryotic-eukaryotic, and prokaryotic-eukaryotic
positive or negative associations through network analyses.
Then, both datasets were centered log-ratio transformed to
apply the graphical model inference neighborhood selection
(the Meinshausen-Buhlmann method), and the right model
sparseness was estimated through 100 repetitions for StARS
(Stability Approach to Regularization Selection) selection,
with a minimum lambda threshold of 0.01. Taxonomic groups
are represented by different colors and the specific OTUs
identified. The top 50 microbial network is presented as
Fig. 6 and supported by the top 100 microbial network includ-
ed as Supplementary Fig. S2.

Taxonomic Assignment of 18S rRNA Amplicon Libraries:
Protist Ribosomal Reference Database

In order to improve the taxonomic assignment of 18S rRNA
amplicon libraries classified against the SILVA database, the
18S rRNA amplicon dataset was additionally assigned using
as a reference the Protist Ribosomal Reference database (PR2,
v. 4.5) [62]. The 18S rRNA amplicon libraries were processed
in the same way described before, with few exceptions, par-
ticularly concerning the clustering step of the mothur MiSeq
SOP pipeline. The sequences were clustered using the
VSEARCH algorithm instead [63]. Since the PR2 taxonomy
is distinct from the SILVA database for some taxa, metazoans
were removed in addition to the lineages mentioned above.
The rare clusters were excluded (< 5 observations across sam-
ples) and rarefied at even sampling depth (43,647 sequences).
The OTU table assigned up to species/strain level is presented
in Supplementary Table S7.

Pipeline of Metagenomic 16S rRNA Genes: EBI Metagenomics

The forward and reverse raw fastq files (n = 18) were submit-
ted and archived in the European Nucleotide Archive under
the study accession PRJEB15043 in order to run the Illumina
metagenomic reads with the EBI Metagenomics pipeline
(v.3.0; https://www.ebi.ac.uk/metagenomics/) [64]. The
workflow followed by the EMG automatic pipeline freely
available online is described in detail at https://www.ebi.ac.
uk/metagenomics/pipelines/3.0 and by Mitchell et al. [64].
The non-coding RNAs genes, i.e., rRNA, inclusive tRNA,
were identified and extracted from metagenomic datasets
using the HMMER (v.3.1b1; http://hmmer.org). The 16S
rRNA genes selected were clustered into OTUs using the
closed-reference OTU picking strategy with QIIME (v.1.9.1)
[47]. Then, OTUs were classified against the Greengenes ref-
erence database (v.13.8) [65]. The OTU table with the classi-
fication of metagenomic 16S rRNA reads was used to com-
pare the taxonomic profiles of prokaryotic communities ob-
tained through 16S rRNA gene amplicon and metagenomic

16S rRNA reads. The absolute number of metagenomic 16S
rRNA reads varied between 2716 in TR_250 and 6381 in YP_
250. Supplementary Table S8 contains the full taxonomic path
of metagenomic 16S rRNA genes across samples.

Phylogenetic Analysis of Alcanivorax

The two most abundant 16S rRNA amplicon sequences
c l a s s i f i e d a s A l c an i v o r a x , BpO t u0 0002^ a nd
BpOtu00028,^ were compared with our metagenomic
16S rRNA reads and with publicly available metagenomic
16S rRNA sequences. The 16S rRNA gene sequence of
Alcan ivorax borkumens i s SK2 (access ion no . :
AM286690.1:403189-404730) was used as query to re-
trieve the top blast [66] hits from both metagenomic
datasets. The metagenomic 16S rRNA reads recovered
from our metagenomic 16S rRNA reads dataset consid-
ered only the metagenome from sample NB_250. The
publicly available metagenomic 16S rRNA sequences
were retrieved from the 16S rRNA Public Assembled
Metagenomes database, in IMG/M [67]. The blast hits
retrieved had an e-value ≤ 1e−10 and a pairwise identity
> 90% in the case of those sequences retrieved from our
metagenome (n = 6), and 1e−50 and 80%, in the case of
those hits recovered from 16S rRNA Public Assembled
Metagenomes database (n = 29). The 29 Alcanivorax
metagenomic sequences retrieved from the 16S rRNA
Public Assembled Metagenomes database (IMG/M) were
collected from diverse environments: freshwater
( G a 0 1 0 5 0 5 2 _ 1 0 0 3 4 5 1 0 3 ) a n d s a l i n e
(Ga0075134_1043112, Ga0136574_1027101) lakes from
Antarctica, coastal/intertidal (Ga0213839_10290031,
Ga0181574_100261572, Ga0213858_100093481,
G a 0 1 3 6 8 5 4 _ 1 2 0 1 5 0 1 ) , a n d o c e a n i c
(Ga0098057_10126854 , Ga0105228_1041072 ,
JGI11834J15748_10001651, Ga0206123_100480811,
Ga0190303_10115492, Ga0206683_100768221,
Ga0114916_10241841, Ga0163110_100314923,
JGI12071J15745_1026451, Ga0114994_100173314,
Ga0115564_100385703, JGI24650J20062_10146871,
JGI24528J20060_10019162, JGI12031J13088_1020621,
Ga0005504_10018661 , Ga0031697_10007671 ,
J G I 2 4 5 1 7 J 2 0 0 5 9 _ 1 0 1 1 4 0 0 1 ,
JGI12001J15744_10163031, JGI11949J13268_10057921,
Ga0031693_10103241, Ga0115002_100660851,
Ga0114915_10314891) environments.

The sequence of Rhodospirillum sulfurexigens JA143T
(NCBI accession no. AM710622.1) was included as an
outgroup. The alignment made in MAFFT was manually cu-
rated and the overhangs that fail to align were trimmed
resulting in 38 sequences with 357 bp positions. Then, the
ML tree was built in RAxML. MAFFT and RAxML parame-
ters were the same as used previously. The world map was
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done with the maps R package [68] and the sequences tracked
to the geographic locations from where they were collected
(with the information retrieved from each project at IMG/M).
Finally, the ML tree and the world map were edited in the
Inkscape software (v.0.92, www.inkscape.org).

Availability of Data

Raw Illumina fastq files, concerning the SSU rRNA amplicon
and metagenomic data used in this study, were deposited in
the European Nucleotide Archive under the project accession
number PRJEB21950 and PRJEB15043, respectively.

Results

Environmental Context of Microbial Collection North
of Svalbard

All samples were collected north of Svalbard (Fig. 1
and Supplementary Table S1) under snow-covered sea-
ice, but with distinct snow thickness depending on the
season. The snow was thicker on the first-year (FYI)
and second-year ice (SYI) during late winter and early
spring resulting in very low levels of photosynthetically
active radiation (PAR) in the underlying water column
of the two northernmost sampling sites (e.g., 2.4-μmol
photons·m−2·s−1 at TR_5), and thinner on FYI in early
summer corresponding to the collection of samples over
the Yermak Plateau, with higher light intensities at the
ocean surface (covered with almost snow-free ice, and
PAR around 118-μmol photons·m−2·s−1 at YP_5;
Table 1).

Next to changes in the light regime, environmental
variability was mainly imposed by the distinct water
masses sampled along the drift (Table 1). Atlantic water
and MAW characterized higher conservative temperature
and absolute salinity values, 2.89 °C and 35.20 in AW,
and 1.76 °C and 35.10 in MAW, than in the fresher
PSW (− 1.71 °C and 34.26) and PSWw (− 1.06 °C
and 33.80). Polar waters were in turn more oxygenated
(PSW = 8.46 mL·L−1, PSWw = 8.80 mL·L−1) than
Atlantic water masses (AW = 7.40 mL·L−1, MAW =
7.20 mL·L−1) and had higher concentrations of particu-
late organic nitrogen and carbon (Table 1). The last site
sampled, under the Yermak Plateau, close to summer
(16 June), was likely the only one with PAR values
high enough to support an under-ice phytoplankton
bloom resulting in much higher values of fluorescence
(YP_5 = 3 .45 mg·m− 3 , YP_20 = 4 .34 mg·m− 3 ) ,
phaeopigments (YP_5 = 1.65 mg·m−3 , YP_20 =
1.74 mg·m−3), and chlorophyll a (YP_5 = 3.15 mg·m−3,
YP_20 = 1.21 mg·m−3) compared to chlorophyll a values

< 0.1 mg·m−3 observed in subsurface waters sampled in
the other sites (Table 1).

Alpha and Beta Diversity of Pelagic Microbial
Communities

Faith’s PD was higher for prokaryotic communities col-
lected at 250 m, with the exception of YP station, and
for eukaryotic communities retrieved at 5 and 20–50 m
depth (Fig. 2a). The number of prokaryotic OTUs de-
creased from the deepest water layer sampled (250 m
depth) towards subsurface and surface depths (< 50 m),
with exception of the YP site (Fig. 2b). The number of
eukaryotic OTUs followed an opposite trend (Fig. 2c).
These results agreed with prokaryotic and eukaryotic
PD trends (Fig. 2). The Shannon diversity index showed
different patterns, with generally smaller differences be-
tween the various depths (Fig. 2b and c). Among the
prokaryotic communities, those collected under the NB
had higher OTUs at the 250-m sample but lower diver-
sity (Shannon index) than those sampled at shallower
depths which implies a prokaryotic community less even-
ly distributed (with the lowest Pielou’s evenness value
among the dataset - 0.35) (Fig. 2b). For eukaryotic com-
munities, the alpha measures diverge for samples collect-
ed under the Plateau, with the lowest number of OTUs
but the highest diversity (Shannon index) at the deepest
sample suggesting a more even distribution than the epi-
pelagic communities (with the highest Pielou’s evenness
value for eukaryotic communities sampled at YP sta-
tion - 0.53) (Fig. 2c).

At beta diversity level, the unweighted UniFrac metric
(considering the phylogenetic differences between communi-
ties, and not relative abundances) visualized through PCoA
revealed a similar pattern for prokaryotic and eukaryotic mi-
crobial communities (Fig. 3a and b). Samples collected at YP
(higher light levels) clustered together, while the samples col-
lected at NB and TR displayed a distinct difference between
the epipelagic and mesopelagic communities (Fig. 3a and b).
This tendency is even more evident for the eukaryotic com-
munities (Fig. 3b).

Taxonomic Profiles of Protist Communities

The protist N-ICE2015 dataset possess a repertoire of 35 taxa
assigned at phylum level (Supplementary Table S6).
Phylotypes affiliated withDinophyceae and Syndiniales dom-
inated most of the libraries. Syndiniales was the taxon most
represented at 250 m depth in the NB and TR samples
(Fig. 4a). The exceptions to this dominance were the YP sam-
ples at 20 and 250 m depth, which were predominated by
Chrysophyceae, in the case of the YP_20 sample, and
Diatomea as well as Prymnesiophyceae, in the case of the
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YP_250 sample (Fig. 4a). Despite the effort made to improve
the taxonomic assignment of the 18S rRNA gene amplicon,
with the use of PR2 in addition to the SILVA database, we
obtained few assignments at low taxonomic levels, with great-
er number of environmental clades and unclassified sequences
(Fig. 4b, Supplementary Tables S6 and S7). Some photosyn-
thetic unicellular eukaryotes, like the haptophyte Phaeocystis
and polar centric diatoms, such as Thalassiosira and
Chaetoceros, were classified at genus level (Fig. 4b), as well
as some picoeukaryotes (0.2–3.0 μm in size), such as
Spumella (affiliated with Chromulinales, Fig. 4b and
Supplementary Table S6) and Micromonas (Fig. 4b).
Unexpectedly, the higher relative abundance of photosynthet-
ic algae, like Phaeocystis and diatoms (Thalassiosira and
Chaetoceros), across the protist N-ICE2015 dataset did not
appear at surface and subsurface depths over the YP but at
250 m (Fig. 4b).

Prokaryotic Communities Profiled with 16S rRNA
Amplicon and Metagenomics

The taxonomic profile at a higher level established for pro-
karyotic communities (Fig. 4) agreed well with the
metagenomic 16S rRNA data (Supplementary Fig. S3a) vali-
dating the metabarcoding protocol applied here concerning
potential bias introduced by universal primers and
amplification.

The Alpha- (30.6%) and Gammaproteobacteria (28.6%)
classes contributed in almost equal proportions to the high
abundance of Proteobacteria (Fig. 4c). These two classes
were not just the most abundant across the prokaryotic N-
ICE2015 collection but also the most phylogenetically diverse
(i.e., higher number of phylotypes assigned to both classes
than any other phylum or class). Alphaproteobacteria were
mainly composed by one phylotype affi l iated to

Fig. 2 Alpha diversity of microbial N-ICE2015 collection. a Faith’s phy-
logenetic diversity (PD) of prokaryotic and eukaryotic samples. b
Number of operational taxonomic units (OTUs) observed, Shannon di-
versity, and Pielou’s evenness indices (bold values over the Shannon
diversity index bars) within the prokaryotic samples. c Number of

OTUs observed, Shannon diversity, and Pielou’s evenness indices (bold
values over the Shannon diversity index bars) within the eukaryotic sam-
ples. The OTU sequence similarity threshold was 97 and 98% for the
prokaryotic and eukaryotic datasets, respectively. The Shannon diversity
index is presented in natural digits (nats)
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BCandidatus Pelagibacter^ from the SAR11 clade (Fig. 4d).
SAR11 represented on average 30.7% of the epipelagic com-
munities sampled and 9.2% of the mesopelagic ones.
Regarding the Gammaproteobacteria class, Cellvibrionales
(2.7%), Alteromonadales (3.9%), and Oceanospirillales
(19 .1%) were the th ree mos t abundan t o rde r s .
Cellvibrionalesweremainly found onYermak Plateau in early
summer (Supplementary Table S4), while Alteromonadales
were particularly abundant during springtime with a peak at
250-m depth over Nansen Basin (20.1%, NB_250;
Supplementary Table S4). Oceanospirillales were highly
abundant across all the samples, particularly in NB at meso-
pelagic depths (55.7%) (Supplementary Table S4).
Alteromonadales and Oceanospirillales were dominated by
three phylotypes that predominated at 250 m over Nansen
Basin: Alteromonadales, Marinobacter (BpOtu00019^,
6.3%) and Glaciecola (BpOtu00020^, 12.8%), and
Oceanospirillales, Alcanivorax (BpOtu00002^, 54.3% at
NB_250 and 9.9% across the entire prokaryotic N-ICE2015
dataset; see Fig. 4d and Supplementary Table S4).
Marinobacter and Alcanivorax genera had also high frequen-
cies in the TR samples (Fig. 4d and Supplementary Table S4).

PCR-independent, metagenomic 16S rRNA reads dataset
validated our 16S rRNA amplicon sequencing regarding the
taxonomic profiles and frequencies of the two most abundant
hydrocarbonoclastic bacteria, Alcanivorax and Marinobacter
(Supplementary Fig. S3c and d). A phylogenetic analysis of
the alkane-degrading bacteria Alcanivorax was performed
with the two most abundant Alcanivorax -OTUs
(BpOtu00002^ and BpOtu00028^) and metagenomic 16S
rRNA reads (n = 5) as well as with similar sequences retrieved
from environmental metagenomes from the global ocean (n =
29). Metagenomic Alcanivorax sequences are cosmopolitan
and commonly retrieved from mesopelagic/bathypelagic

depths (Supplementary Fig. S4). This is the case for many
Alcanivorax sequences recovered from marine metagenomes
of the Atlantic Ocean (Supplementary Fig. S4).

The phylum Thaumarchaeota comprised about 20% of the
overall prokaryotic community in the samples collected in the
epipelagic waters under Nansen Basin (NB_5 and NB_50)
(Fig. 4c). The percentage of thaumarchaeotes decreased to
half in samples collected at the same depths over the TR sta-
tion. However, this decrease at subsurface depths (≤ 50 m)
was accompanied by an increase at 250 m depth (from 5.9%
at NB_250 sample to 25.4% at TR_250). Our results showed a
progressive migration of thaumarchaeotes from surface wa-
ters, in late winter, to deeper mesopelagic waters, in early
spring (Fig. 4c). These high frequencies of Thaumarchaeota
in the two northernmost stations sampled contrasts with their
low frequency in the YP samples (Fig. 4c). The taxonomic
profile of Thaumarchaeota obtained from the 16S rRNA gene
amplicon data (Fig. 4c) agreed well with the metagenomics
16S rRNA reads dataset (Supplementary Fig. S3a).

Correlations Between Environmental Variables
and Taxa and Microbial Networks

Several correlations between specific microbial taxa rela-
tive abundances as well as correlations between microbial
taxa relative abundances and environmental variables were
identified (Fig. 5). The correlations between microbial taxa
were further explored in detail at OTU level through net-
works of the top 50 microbial prokaryotic and eukaryotic
OTUs (Fig. 6a). SAR11 represented on average one-third of
the epipelagic communities sampled (Fig. 4d) showing a
similar distribution withDinophyceae (Fig. 4a). This appar-
ent correlation between both taxa was further confirmed
with a significantly positive Pearson’s correlation between

Fig. 3 Principal coordinates analysis (PCoA) of unweighted UniFrac
distances across all samples. a Prokaryotic samples. b Eukaryotic sam-
ples. Samples retrieved from the surface (5 m), subsurface (20 or 50 m),
and mesopelagic (250 m) seawater at Nansen Basin (NB), Transition

Region (TR), and Yermak Plateau (YP) (see Supplementary Table S1).
The two axes that explainmost of the dataset variability are shown as well
as the respective percentage variability in brackets
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them (r = 0.77, p value = 0.01612), and with the identifica-
tion of a positive association between BpOtu00009^
(SAR11 c l ade ) and BeOtu00029^ ( unc l a s s i f i ed
Dinophyceae) (Fig. 6b). In addition, the great relative abun-
dance of phylotypes affiliated to Gammaproteobacteria,
mainly due to the hydrocarbon-degrading Marinobacter
and Alcanivorax genera, was interpreted as a result of hy-
drocarbon availability from a biological source, like similar

structural compounds from algae. Therefore, the possibility
of a Marinobacter-Alcanivorax-Dinophyceae association
was tested. However, no direct association was found be-
tween hydrocarbon-degrading genera and Dinophyceae
(Fig. 6c). The environmental variables and microbial asso-
ciations that could influence the notable shift of the highly
abundant Thaumarchaeota were inspected (Fig. 5).
Thaumarchaeota were positively correlated with DOC
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Fig. 4 Taxonomic profile of microbial N-ICE2015 collection. Relative
abundance of bacterial, archaeal, and prostist sequences retrieved from
the surface (5 m), subsurface (20 or 50 m), and mesopelagic (250 m)
seawater at Nansen Basin (NB, 09.03.2015), Transition Region (TR,
27.04.2015), and Yermak Plateau (YP, 16.06.2015; see Supplementary
Table S1). a Relative abundance of the most abundant taxa at higher level
(≥ 1%) retrieved from the OTU table assigned at class level (SILVA v.
1.2.8 classification). b Relative abundance of the most abundant taxa at
lower level (≥ 1%) retrieved from the OTU table at family (unclassified
Dinophyceae) and genus (Phaeocystis, Thalassiosira, Chaetoceros, and
Micromonas) levels. The remaining (Syndiniales, Syndiniales Group I
and II, unclassified Eukaryota and Chrysophyceae, OLI11255,

Chromulinales,Gymnodinium clade) belong to OTU table at family level
but comprises unclassified groups/clades, with just environmental se-
quences known, or low similarity to be further classified at lower level.
c Relative abundance of the most abundant taxa (≥ 1%) at higher taxo-
nomic level, phylum (Thaumarchaeota, Nitrospinae, Actinobacteria,
Verrucomicrobia, Marinomicrobia (SAR406 clade), Planctomycetes,
Euryarchaeota), class (Alpha-,Gamma-,Deltaproteobacteria), and order
(Flavobacteriales). d Relative abundance of the top 10 OTUs assigned at
genus level; ZD0405, SAR324, SAR11, and SAR92 clades represent
groups/clades with uncultured representatives. BOthers^ represents the
sum of the frequency of occurrence of the rare taxa (< 1%)
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(r > 0.8, p value = 0.007666) and negatively correlated with
phaeopigments (r > 0.8, p value = 0.03333) (Fig. 5) and
some photosynthetic groups such as Cyanobacteria (r =
0.70, p value = 0.03707) and Chlorophyta (r = 0.79, p val-
ue = 0.01084). Although Thaumarchaeota were positively
correlated with Nitrospinae (r = 0.60), this correlation was
not significant (p value = 0.08585). The network of
Thaumarchaeota-Nitrospinae-Chlorophyta did not show
any direct interaction between thaumarchaeal OTUs and
OTUs affiliated with Nitrospinae or Chlorophyta .
However, Nitrospinae OTUs, BpOtu000022^ (an uncul-
tured Nitrospinaceae) and BpOtu00025^ (Nitrospina), were
in the proximity of thaumarchaeal BpOtu00003^ (BCa.
Nit rosopumilus^) . In addi t ion, the BpOtu00025^
(Nitrospina), that belongs to the Nitrospinae phylum,
showed a negative association with the green algae
BeOtu00036^ (Pycnococcus) (Fig. 6d).

Bacteroidetes (mainly comprised by Flavobacteriales)
showed a positive correlation with the Prymnesiophyceae
family (r = 0.87, p value = 0.00226), with this correlation be-
ing stronger in the case of the Flavobacteriales genus
Polaribacter (r = 0.99, p value = 5.126e−07). The SAR92
clade was also positively related with the Prymnesiophyceae
family (r = 0.96, p value = 5.466e−05) as well with Diatomea
(r = 0.99, p value = 1.663e−07). The Bacteroidetes-Diatomea-
Phaeocystis-SAR92 network pinpointed the OTUs involved
in these correlations, such as BproOtu00010^ (SAR92 clade)
and BpOtu00030^ (NS9 marine group, Flavobacteriales) pos-
itively connected with BeOtu00009^ (Phaeocystis), and
BpOtu00031^ (Formosa, Flavobacteriales) positively linked

to BeOtu00015^ (Thalassiosira, Diatomea) as well as other
Bacteroidetes OTUs in the proximity (Fig. 6e).

Discussion

Depth-Dependent Trends in Arctic’s Microbial
Diversity

A better understanding of the Arctic microbial diversity dur-
ing the winter to summer transition is highly warranted against
the backdrop of the changing Arctic sea-ice regime. While
mesopelagic protistan communities showed lower PD and
numbers of OTUs than those at surface and subsurface depths,
prokaryotes displayed an opposite trend. This observation is in
line with Wilson et al. [15] who found higher prokaryotic
richness in mesopelagic than epipelagic waters north of
Svalbard. The higher OTU richness found in prokaryotic li-
braries collected fromMAW (NB_250 and TR_250) could be
attributed to the higher temperatures associated with these
waters. This result agrees with Fuhrman et al. [69] that found
a latitudinal diversity gradient in marine bacterial communi-
ties correlated with latitude itself and temperature. However,
Ghiglione et al. [70] explained the higher bacterial richness
found in deep polar communities with the higher connectivity
of deeper water masses and longer water mass residence time
with stable environmental conditions.

The eukaryotic pattern described here was opposite to the
one observed at two stations sampled over the YP in
May 2010 [18] where a general trend of increasing diversity

Fig. 5 Heatmap highlighting the significant Pearson’s correlations (p
value ≤ 0.05) between the environmental variables and the microbial
phyla. Pairwise correlations without assigned color represent
correlations that are not significant. Pearson’s correlations between
environmental variables and microbial phyla were performed on a
subset of samples according to the availability of the environmental
variable measured across samples: n = 9 for Blatitude,^ Blongitude,^
Bdepth,^ Btemperature,^ Bsalinity,^ Boxygen^; n = 8 for Bammonium,^

Bnitrite,^ Bnitrate,^ Bphosphate,^ Bsilicate^; n = 6 for BPAR,^
Bfluorescence,^ BTDN,^ BPON,^ BDOC,^ BPOC,^ BChla (area),^
BChla (volume),^ Bphaeopigment^ (see Table 1). DOC stands for dis-
solved organic carbon; TDN, total dissolved nitrogen; PAR, photosyn-
thetically active radiation; chlorophyll a (volume, mg·m−3); PON, partic-
ulate organic nitrogen; chlorophyll a (area, mg·m−2); POC, particulate
organic carbon (see in detail Table 1)
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with depth was found. Unfortunately, the lack of vertically
resolved studies of eukaryotic diversity (e.g., Metfies et al.
[17]) hampers comparison. Nevertheless, the few vertically
resolved studies [71–73] showed a depth-dependent trend
for eukaryotic richness as shown herein.

The microbial plankton collected during N-ICE2015 cov-
ered a period of gradual melting of snow on top of the sea-ice

and a simultaneous increase in the light availability beneath
the ice pack. Therefore, the similarity of NB and TR epipe-
lagic communities in comparison with mesopelagic ones
could be interpreted as a consequence of a deeper mixed layer
depth (> 50 m, see the mean mixed layer depth for each floe
on Meyer et al. [29]). This layer favors a homogenous envi-
ronment, during the late winter and early spring period, for the

Fig. 6 Microbial ecological networks for the top 50 prokaryotic and
eukaryotic OTUs. a Network of the top 50 prokaryotic and eukaryotic
OTUs. b Network highlighting the SAR11-Dinophyceae associations. c
Network highlighting the Alcanivorax-Marinobacter-Dinophyceae
associations. d Network highlighting the Thaumarchaeota-Nitrospinae-
Chlorophyta associations. e Network highlighting the Bacteroidetes-

Diatomea-Phaeocystis-SAR92 associations. Positive associations are
represented by green edges and negative associations by red edges.
Node size is proportional to the geometric mean of the relative
abundance of OTUs. The BOtu^ prefix Bp^ means prokaryotic and the
Be^ means eukaryotic
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epipelagic microbial plankton inhabiting the PSW rather than
the low light levels below sea ice. The progressive sea ice
melting induced shoaling of the surface mixed layer (≈ 5-m
depth [29]) which we would expect to result in shifts in the
microbial communities collected at 5 and 20m depth over YP.
Contrary to what we anticipated, the communities at 5 and
250-m depth were most similar at the YP station. This result
together with the composition of microbial communities is in
agreement with the hypothesis of deep export of Phaeocystis
aggregates explained below that could have ballasted other
microbial taxa together. Ultimately, the congruent correspon-
dence pattern, regarding the clustering of prokaryotic commu-
nities with the protistan ones, can be explained by the distinct
water masses, which is according to previous works [17, 70,
74].

The Dominant Proteobacteria and Its Co-occurrence
Patterns with Eukaryotes

The SAR11 clade is the most abundant phylotype in the sur-
face of the oceans representing up to one-third of the
bacterioplankton [75]. In the N-ICE2015 dataset, SAR11 rep-
resented on average 30.7% of the epipelagic communities
sampled and 9.2% of the mesopelagic ones. Previous studies
reported a relative abundance of this group in Arctic surface
waters of 15% on average [8, 76]. The difference to the results
presented herein could be attributable to the primers used in
our study that were designed to efficiently capture the diver-
sity of marine and freshwater alphaproteobacteria from the
SAR11 clade (see the BMethods^ section) (http://www.
earthmicrobiome.org) [37]. This could also explain why
Wilson et al. [15] found ≤ 2.5% of SAR11 clade in their
libraries.

The genome of the SAR11 alphaproteobacterial isolate
BCa. Pelagibacter ubique^, with a representativeness of
16.8% in our 16S rRNA amplicon dataset (BpOtu00001^),
unveils great metabolic ability to cope with an oligotrophic
lifestyle [77]. Physiological studies (e.g., Steindler et al. [78])
demonstrated efficient heterotrophic growth under both dark
and light. It has a specific requirement of reduced sulfur, like
t h e p h y t o p l a n k t o n - d e r i v e d o s m o l y t e 3 -
dimethylsulphoniopropionate (DMSP) [79], and it is respon-
sible for the consumption of 30% of the assimilated DMSP in
the North Atlantic [80]. Several phylogenetically distant algae
have the ability to produce the osmoprotectant DMSP, such as
diatoms, dinoflagellates, and prymnesiophytes [81].
Particularly, Phaeocystis pouchetii produces high levels of
DMSP and together with diatoms contribute to the DMSP
pool in Arctic surface waters [82]. Despite this evidence,
dinoflagellates, that are much more powerful producers of
DMSP than diatoms, [83] were positively related with
SAR11 clade, with the identification of BeOtu00029^ (unclas-
sified Dinophyceae) potentially a DMSP-producer [84].

Therefore, the high relative abundance of SAR11 clade in
Arctic under-ice surface waters may be sustained by DMSP
production by dinoflagellates.

Gammaproteobacteria were also a prominent component
of the proteobacteria assemblage in the 16S libraries of the N-
ICE2015 dataset. The greater contribution of Cellvibrionales
i n ea r ly summer over YP was conf i rmed by a
proteorhodopsin-harboring SAR92 clade (Porticoccaceae
family) which depends on a photoheterotrophic metabolism
[85]. Previous reports successively observed an increased
abundance and activity of this clade during the phytoplankton
spring blooms in the southern North Sea [86–88] as it has been
suggested herein, with SAR92 clade being positive correlated
either with diatoms or Prymnesiophyceae, and with the posi-
tive interaction with the NS9 marine group (BpOtu00030^) in
the probable degradation of compounds derived from
Phaeocystis (BeOtu00009^). Intriguingly, the highest frequen-
cy of Phaeocystis phylotypes occurred at 250-m depth over
Yermak Plateau, which might be the consequence of
ballasting by cryogenic gypsum (see below). As far as we
know, this is the first time that the SAR92 clade can be asso-
ciated with the degradation of phytoplankton-derived DOM in
the Arctic Ocean. A recent study on the bacterial composition
in first-year drift ice and under-ice seawater in the Fram Strait
did not report the contribution of this gammaproteobacterial
clade [89]. However, it was already detected in surface waters
of the Canadian Arctic [90].

High Frequencies of Hydrocarbon-Degrading Bacteria
in the Arctic

Although hydrocarbon-degrading bacteria have been previ-
ously retrieved from Arctic sea-ice communities amended
with oil [23] and unamended seawater [91], Alcanivorax and
Marinobacter are not expected to represent a significant com-
ponent of Arctic microbial communities [23], as it was ob-
served at NB and TR stations. Nevertheless, our 16S rRNA
gene amplicon and metagenomic datasets corroborated the
high frequencies of Marinobacter and Alcanivorax. Indeed,
phylogenetic analysis of the alkane-degrading bacteria
Alcanivorax from worldwide environmental metagenomes
showed a cosmopolitan distribution of metagenomic
Alcanivorax sequences [92]. In addition, some of these
metagenomic Alcanivorax sequences were recovered from
marine metagenomes collected at mesopelagic/bathypelagic
depths in the Atlantic Ocean (Supplementary Fig. S4).
Therefore, these results agree with the presence of
Alcanivorax sequences at 250-m depth in MAW at NB and
TR stations (Supplementary Fig. S3b and c). Actually,
metagenomic 16S rRNA sequences from these alkane-
degrading bacteria were already retrieved from the western
Arctic Ocean (Canada Basin) at 67 and 190-m depth (IMG
Genome ID-3300009420). The tight clade formed by
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Alcanivorax 16S rRNA gene sequences from amplicon and
metagenomic approaches (Supplementary Fig. S4) supports
the consistency of the two independent studies, in spite of
different library preparation methods and distinct sequencing
runs.

In addition, the highest occurrence of Alcanivorax was de-
tected at 250 m over Nansen Basin with a simultaneous peak
of BpOtu00020^ (12.8%) affiliated to theGlaciecola genus. In
agreement, North Sea strains of Glaciecola spp. showed a
predominance in oil-contaminated ice core experiments in
the Arctic sea-ice [93]. Notwithstanding our observations, hy-
drocarbon content has not been measured and we do not have
evidence that ice-covered waters north of Svalbard have been
contaminated with crude oil or of any recent seep activity in
the Southern Nansen Basin and the Eastern Yermak Plateau.
Alkane-degrading bacter ia l ike Alcanivorax and
Marinobacter had been shown to have the ability to degrade
n-alkanes produced by the dinoflagellate Gymnodinium
catenatum [94] and Cyanobacteria [95]. Although
Cyanobacteria only represents < 1% of sequencing reads in
the prokaryotic N-ICE2015 dataset (Supplementary
Table S4), dinoflagellates (comprising Dinophyceae,
Syndiniales order, and Gymnodiniphycidae) sequencing reads
were found in higher number, particularly in samples with
high hydrocarbon-degrading bacteria.

Link Between Flavobacteriales and an Arctic Spring
Bloom of Phaeocystis pouchetii

Flavobacteriales have been associated with the degradation of
phytoplankton-derived polysaccharides [87, 96, 97]. In the N-
ICE2015 data set, the two most abundant Flavobacteriales
related-OTUs were as follows: BpOtu00007^ assigned as
Polaribacter and BpOtu00011^ which did not possess enough
similarity with any reference sequence in the SILVA database
to be classified to genus level. Flavobacteriales related-OTUs
were reported before for the Arctic Ocean; however, their
contributions were considerably smaller than those reported
here and elsewhere [89, 98], particularly for Polaribacter phy-
lotypes [8, 76, 99]. Probably, the lower abundance observed in
these previous works [8, 76, 99] was the consequence of pre-
filtration or size fractionation of seawater. This procedure led
to the loss of those Flavobacteria tightly associated with larg-
er phytoplankton, [100] especially, if the latter produces large
colonies surrounded by external mucopolysaccharides, which
is the case of Phaeocystis pouchetii [6]. As the genus name
suggests, Polaribacter spp. were first retrieved from polar
environments and have been commonly found in sea-ice
[11–13, 100] and polar surface waters [98, 99]. Since it is
consistently retrieved from sea-ice, it has been suggested that
the melting sea-ice is a potential seed source of Polaribacter
spp. for the under-ice water column [8, 89, 101]. With a dis-
tribution mostly limited to polar latitudes, [102] some

Polaribacter strains are psychrophilic and endemic to polar
regions [103, 104]. Polaribacter showed an increase in rela-
tive abundance fromwinter towards summer with the increase
of PAR, accompanied by the melting of snow-covered sea ice.
Probably, the sunlight, acted as the source of light to the
energy-harvesting proteorhodopsins [105] or light stimulus
to algal blooms, selected for the emergence of Polaribacter,
at YP, explaining the abundant reads of this genus in the YP
libraries. In agreement, PAR and Chl a are one to two orders of
magnitude higher in ice-covered epipelagic waters sampled at
YP, with a thinner snow layer, compared to ice-covered waters
sampled at the other two sites, with a thicker snow layer under
the sea-ice. Furthermore,Bacteroidetes and Polaribacterwere
positively correlated with Prymnesiophyceae, with the
BpOtu00030^ (NS9 marine group, Flavobacteriales order) di-
rectly connected with Phaeocystis (BeOtu00009^), and
Polaribacter (BpOtu00007^), BpOtu00029^ (Ulvibacter,
Flavobacter ia les ) , and BpOtu00031^ (Formosa ,
Flavobacteriales) positively associated with the diatom
Thalassiosira (BeOtu00015^). Thus, Flavobacteriales could
be linked to the microbial degradation of an early
P. pouchetii spring bloom in the Arctic Ocean, as it was re-
ported for the Southern Ocean [106]. The occurrence of
Phaeocystis in the YP sample at a 250-m depth was unexpect-
ed since the early under-ice spring bloom dominated by
P. pouchetii (late May/early June) was observed in the upper
50 m [6]. However, this observation coincided with a deep
export event of the Phaeocystis under-ice bloom reported
from the same area [107]. Therefore, it is likely that we cap-
tured the deep export of Phaeocystis aggregates and possibly
also diatoms in our YP sample from a 250-m depth.

The Seasonal Pattern of the Phylum Thaumarchaeota

In agreement with the literature, about 20% of the overall
microbial community associated with the samples collected
in the epipelagic waters above the Nansen Basin (NB_5 and
NB_50) was affiliated with the phylum Thaumarchaeota.
Irrespective of the limited temporal and spatial resolution of
our study, we observed a seasonal pattern characteristic of
polar thaumarchaeotes as reported in previous studies [15,
108–111]. Results showed a progressive migration from the
surface waters in late winter to deeper mesopelagic waters in
early spring. Indeed, recent findings [112, 113] point towards
a protective behavior by thaumarchaeotes against the harmful
effect of photochemically produced reactive oxygen species in
surface waters. Thus, as expected, nitrifying activity in ice-
covered surface waters is higher in winter, as it has been ev-
idenced by higher abundance of amoA gene/transcripts as well
as potential nitrification rates [114, 115]. The near absence of
the Thaumarchaeota phylum from surface samples collected
over the YP could be attributed to light inhibition as light
levels increased towards early summer accompanied by
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increased light transmission through the more transparent ice
cover. However, Thaumarchaeota were nearly absent even at
mesopelagic depths over the YP which could be attributed to
water mass characteristics [16]. The YP mesopelagic sample
was taken from the core of the AW inflowwhich probably had
only recently subducted below the fresher and colder PSW
and thus Thaumarchaeota have not had time to build up bio-
mass. Thaumarchaeotes are thought to oxidize ammonia and
fix carbon dioxide or bicarbonate as sole energy and carbon
sources [116, 117]. However, recent studies highlight the use
of alternative substrates, particularly urea [109, 118, 119].
Actually, we found a positive correlation between
thaumarchaeotes and DOC, which can comprise organic ni-
trogen compounds such as urea, a source of carbon and energy
for polar thaumarchaeotes [109, 118]. Interestingly, the distri-
bution of thaumarchaeotes showed a positive correlation with
the distribution of Nitrospinae (although not significant), with
Nitrospinae OTUs, BpOtu000022^ (an uncultured
Nitrospinaceae), and BpOtu00025^ (Nitrospina), in the prox-
imity of the most abundant thaumarchaeal BpOtu00003^
(BCa. Nitrosopumilus^) suggesting a syntrophic relationship.
An increasing body of evidence points to a close relationship
between nitrite-oxidizing bacteria, such as those belonging to
Nitrospinae, and ammonia-oxidizing microorganisms, like
Thaumarchaeota [120, 121]. The high nitrifying activity in
wintertime of these cold-adapted archaea plays an important
role for the N and C budgets in the Arctic Ocean [114, 122].

Composition and Distribution of Picoeukaryotes

Picoeukaryotes are recognized to play an important ecological
role in oligotrophic marine waters. As the Arctic Ocean be-
comes nutrient-depleted in early summer, a reaction by the
picoplankton fraction that can account for most of photosyn-
thetic biomass (as reported by Metfies et al. [17]) is expected.
The dominant picoeukaryote within the eukaryotic N-
ICE2015 collection was the OTU affiliated with the order
Chromulinales (BeOtu00003^, 30.8%), designated as
Spumella-like which are phagotrophic nanoflagellates, mostly
bacterivorous [123]. Therefore, the sudden appearance and
dominance of this chrysophyte at 20 m depth over YP may
be related with substrate availability. However, as we do not
have any information on prey-specific relationships, it is im-
possible to point out which bacterial groups it fed on.
Nevertheless, we cannot rule out seasonal patterns described
previously [124] or the possibility of a mixotrophic lifestyle
shown for many crysophytes [125] and dependent on light
availability. Contrasting with this quite evident seasonal pat-
tern, the picoeukaryotic green alga Micromonas (comprising
mostly the Mamiellales) was spread across all depths and
locations. One previous study [126] reported bacterivory for
an Arctic Micromonas strain, M. pusilla CCMP20299, found
in western Canadian Arctic [8, 127] and south of Svalbard

[128]. The presence of Micromonas from late winter to early
summer in our protist N-ICE2015 collection reinforces its
omnipresence and mixotrophic lifestyle. However, distinct
distributional patterns of Micromonas were observed at the
OTU level. Whereas BeOtu00019^ was more abundant at
the two first sampling sites - NB and TR - and considerably
less abundant over YP; the BeOtu00032^ showed precisely
the opposite pattern suggesting the presence of distinct eco-
types of Micromonas in the Arctic Ocean.

Main Conclusions

The N-ICE2015 prokaryote and eukaryote datasets offer a
valuable resource to study the diversity and structure of the
underexplored pelagic microbial communities from ice-
covered waters north of Svalbard. The late winter to early
summer transition was accompanied by the gradual melting
of snow above the sea-ice with increasing light availability
below the ice pack. The availability of light together with
the water masses characteristics strongly impacted the pro-
karyotic and eukaryotic communities at the compositional lev-
el. Seasonal trends were quite evident for Thaumarchaeota
and Nitrospinae, which were abundant in late winter and early
spring but nearly absent in early summer. Both groups togeth-
er are likely to contribute to the N and C budgets of the Arctic
Ocean through nitrification and dark carbon fixation in the
wintertime. During this period, prokaryotic microbial commu-
nities over the NB (at 250 m) and TR stations revealed high
frequencies of two cosmopolitan alkane-degrading bacteria,
Alcanivorax and Marinobacter, but the source of n-alkanes
and/or other substrate is unknown. In early summer,
Flavobacteria and SAR92 clade emerged with the presence
of light over the YP, probably associated with the degradation
of an under-ice bloom of Phaeocystis. Contrasting to these
seasonal trends, SAR11 was apparently insensitive to environ-
mental conditions inherent to this seasonal transition and
abundant across epipelagic samples reflecting the high adapt-
ability of this successful clade [75]. Moreover, picoeukaryotes
are likely to play an important role in a future nutrient-
depleted Arctic Ocean scenario. In agreement, the relatively
high frequencies of Spumella - l ike phagotrophic
nanoflagellate (which dominated the 20-m depth sample col-
lected over YP with 31% of relative abundance) and the
mixotrophic green alga Micromonas (1.7% in the entire N-
ICE2015 dataset) emphasize a more important role of
mixotrophy than those previously recognized by standard mi-
croscopic studies [129]. The late winter/early spring microbial
communities showed higher phylogenetic diversity than early
summer communities highlighting the need to continue with
further studies to properly characterize the overlooked winter
microbial communities under the pack-ice accounting for po-
tential losses of microbial phylotypes with the gradually de-
clining sea-ice cover.
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