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ABSTRACT
The impacts of climate change on the Arctic Ocean are manifesting throughout the
ecosystem at an unprecedented rate. Of global importance are the impacts on heat
and freshwater exchange between the Arctic and North Atlantic Oceans. An expanding
Atlantic influence in the Arctic has accelerated sea-ice decline, weakened water column
stability and supported the northward shift of temperate species. The only deep-water
gateway connecting the Arctic and North Atlantic and thus, fundamental for these
exchange processes is the Fram Strait. Previous research in this region is extensive,
however, data on the ecology of microbial communities is limited, reflecting the wider
bias towards temperate and tropical latitudes. Therefore, we present 14 metagenomes,
11 short-read from Illumina and three long-read from PacBio Sequel II, of the 0.2�
3 mm fraction to help alleviate such biases and support future analyses on changing
ecological patterns. Additionally, we provide 136 species-representative, manually
refined metagenome-assembled genomes which can be used for comparative genomics
analyses and addressing questions regarding functionality or distribution of taxa.

Subjects Bioinformatics, Microbiology
Keywords Arctic, Microbiology, Metagenomics, Metagenome-assembled genomes, Microbial
ecology

INTRODUCTION
The Arctic Ocean is a critical component in the maintenance of Earth’s energy balance
and the regulation of global climate. Of major importance is the exchange of heat and
freshwater between the Arctic and North Atlantic Oceans. The northward transport of
Atlantic water is the primary source of heat to the interior of the Arctic Ocean and is vital
for water column stability (Rudels et al., 1994; Spall, 2013). Similarly, the southward
transport of Arctic water plays a fundamental role in the thermohaline circulation
through the formation of North Atlantic Deepwater (McGuire et al., 2006). As is becoming
increasingly evident, these processes are experiencing pronounced perturbations as a result
of climate change. The inflowing Atlantic water has doubled in volume in the last 30 years
(Oziel et al., 2020) and increased in temperature by 1.4� C (Neukermans, Oziel & Babin,
2018). This has manifested in an expanding Atlantic presence across the Eurasian Arctic
(Polyakov et al., 2017), contributing to sea-ice decline (Lind, Ingvaldsen & Furevik, 2018),
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warmer subsurface temperatures, a weakening of water column stability and the northward
expansion of temperate organisms (Neukermans, Oziel & Babin, 2018; Oziel et al., 2020).
These phenomena are evidence of a much broader and more long-term transition in the
state of the Arctic Ocean ecosystem.

The primary region of exchange between the Arctic and North Atlantic Oceans is
the Fram Strait. This 450 km wide deep-water gateway, situated between Greenland and
Svalbard, is a convergence zone of two distinct hydrographic regimes. The West Spitsbergen
Current transports warm and salty Atlantic water northward through the eastern Fram
Strait whilst in the western Fram Strait, the East Greenland Current is responsible for
51% of the Arctic Ocean freshwater export (Serreze et al., 2006). The convergence of
these opposing currents, in a relatively narrow geographical area, provides an invaluable
opportunity to investigate the ongoing impacts of climate change on the Arctic Ocean.

Despite decades of research in this region, information regarding the ecology of microbial
communities is limited. As primary production increases in the Arctic (Lewis, Dijken &
Arrigo, 2020) and coastal influences such as thawing permafrost become more pronounced
(Lantuit & Pollard, 2008; Vonk et al., 2012), the availability, quantity and composition of
organic matter will change substantially. The primary degraders of organic matter in the
marine environment are heterotrophic microbes (Azam, 1998). Therefore, characterising
their ecology and, in particular, their functional capabilities, may provide insights as to how
the Arctic Ocean ecosystem will cope with, and adapt to changing conditions. Currently, a
powerful method for addressing such topics is metagenomics.

Widespread efforts in environmental sequencing and the retrieval of metagenome-
assembled genomes (MAGs) have been largely directed towards epipelagic communities
in temperate and tropical latitudes whilst the polar regions are far less studied. Therefore,
we aim to contribute to the alleviation of these biases and present 14 metagenomes (11
from Illumina HiSeq 3000 and three from PacBio Sequel II sequencing platforms) of
the 0.2�3 mm fraction from the Fram Strait region. These metagenomic datasets were
assembled, binned and manually curated to generate 136 species-representative MAGs.

MATERIALS & METHODS
Sample collection and read generation
Samples (nD 11) were collected between July�August of 2018 from the Fram Strait region
whilst onboard the RV Polarstern (PS114 cruise). A map of the sampling locations was
generated using publically available bathymetric data (GEBCO Compilation Group, 2020;
Jakobsson et al., 2020) and edited using QGIS v3.14.16-Pi (QGIS.org, 2021) (Fig. 1). The
samples were mostly derived from the deep chlorophyll maximum layer, determined using
the in-built Fluorimeter of the Conductivity, Temperature and Depth (CTD)-Rosette
sampler during the downcast, and detailed information on their location is provided in
Table S1. For each sample, 1 L of seawater was retrieved with a CTD-Rosette sampler
and sequentially filtered through a 10mm, 3 mm and 0.2mm polycarbonate membrane
filter (47 mm diameter) for size fractionation. The full 1 L was filtered through the 10mm
fraction whereas the sample was divided into 2� 500 ml for the smaller size fractions.
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Figure 1 Bathymetric map of sampling locations.The visualised stations were sampled during the
PS114 Polarstern cruise in July and August of 2018. The colour scale from red to green indicates depth
changes that are more accurately represented by the contour lines. Stations were categorised into three
water masses based on temperature and salinity measurements. Squares represent Arctic water mass,
pentagons represent Atlantic water mass and circles represent mixed water mass.

Full-size DOI: 10.7717/peerj.11721/fig-1

The filters were immediately frozen and kept at� 80 � C until the extraction of DNA. DNA
was extracted from one of the 0.2�3mm fraction filters for each sample (500 ml filtered)
following a modified SDS-based extraction method afterZhou, Bruns & Tiedje (1996).
The quality of extraction and quantification of DNA was determined using a Qubit 2.0
Fluorometer (Invitrogen, Darmstadt, Germany) (Table 1).

All 11 samples were sequenced at the Max Planck Genome Centre in Cologne, Germany.
Sequencing was performed on an Illumina HiSeq 3000 platform, following an ultra-low
input library preparation protocol. This resulted in 71�118 million paired-end reads per
sample of 150 bp in length (Table 1). Additionally, three of the samples were sequenced
on a PacBio Sequel II platform, following an ultra-low library preparation protocol. The
ultra-low PacBio library protocol involves a long-range PCR step for AT- and GC-rich
sequences followed by a size selection step (removal of sequences < 4.5 kbp). The three
samples were barcoded, pooled into a single library and sequenced on a single SMRT Cell.
The circular consensus sequencing method was used, generating HiFi reads with >99%
per-base accuracy and an output of 4�6 Gbp per sample with an average read length of
8.6�9.6 kbp (Table 1). All sequencing runs were performed without positive or negative
controls. To provide an insight into the quality of the obtained sequences, plots of the base
quality scores across reads produced by FastqQC (Illumina metagenomes) and NanoPlot
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Table 1 Summary statistics on raw and assembled metagenomes.Water mass abbreviations are ‘Arc = Arctic’, ‘Mix = mixed’, ‘Atl = Atlantic’. Library names containing
‘4514’ or ‘4502’ are derived from Illumina HiSeq3000 reads that were assembled with Megahit whilst those containing ‘4571’ are derived from PacBio Sequel II reads that
were assembled with MetaFlye.

Sample name Water
mass

DNA
yield
(ng)

Sequencing platform Raw read
number

Average
sequence
length (bp)

Estimated
coverage

Total
assembly
length
(Mbp)

L50 N50 Number of
contigs

Max
contig
length
(Mbp)

FRAM18_4514_A Arc 25.1 Illumina HiSeq 3000 84,692,914 150 0.79 1,103.249 561 409611 2087649 0.196
FRAM18_4514_B Mix 530.8 Illumina HiSeq 3000 102,164,804 150 0.86 1,015.001 799 221669 1644515 0.263
FRAM18_4514_C Arc 65.4 Illumina HiSeq 3000 73,810,275 150 0.72 1,187.025 654 370621 2109170 0.302
FRAM18_4514_D Atl 613.7 Illumina HiSeq 3000 81,643,335 150 0.73 1,290.853 690 365403 2237087 0.230
FRAM18_4502_E Arc 243.2 Illumina HiSeq 3000 106,969,873 150 0.8 1,645.447 676 492678 2780604 0.668
FRAM18_4502_F Arc 231.6 Illumina HiSeq 3000 81,593,071 150 0.74 1,065.963 628 373268 1860335 0.249
FRAM18_4502_G Arc 189.9 Illumina HiSeq 3000 87,777,577 150 0.76 1,481.554 635 519881 2609315 0.382
FRAM18_4502_H Arc Illumina HiSeq 3000 97,201,780 150 0.82 1,314.445 632 449089 2337881 0.435
FRAM18_4571_H Arc

277.9
Pacbio Sequel II 625,530 9653 0.85 386.515 61541 1295 9700 1.594

FRAM18_4502_I Mix Illumina HiSeq 3000 71,890,475 150 0.8 961.129 758 231982 1292104 0.409
FRAM18_4571_I Mix

303
Pacbio Sequel II 455,246 9665 0.88 317.028 71964 904 7545 2.067

FRAM18_4502_J Mix 359 Illumina HiSeq 3000 117,925,127 150 0.86 914.466 856 195028 1526032 0.408
FRAM18_4502_K Atl Illumina HiSeq 3000 107,105,259 150 0.83 1,658.809 722 459518 2090439 0.396
FRAM18_4571_K Atl

190.7
Pacbio Sequel II 552,543 8599 0.84 420.259 67691 1226 9944 2.309

Notes.
Water mass abbreviations are ‘Arc, Arctic’; ‘Mix, mixed; ‘Atl, Atlantic;’. Library names containing ’4514’ or ’4502’ are derived from Illumina HiSeq3000 reads that were assembled with Megahit whilst
those containing ’4571’ are derived from PacBio Sequel II reads that were assembled with MetaFlye.
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v1.32.1 (De Coster et al., 2018) (PacBio metagenomes) are provided for a selection of the
metagenomes (Fig. S1).

Metagenomic assembly and binning of Illumina reads
Prior to read analysis, Nonpareil v3.3.3 (Rodriguez & Konstantinidis, 2014; Rodriguez et
al., 2018) was used to provide an estimate of the level of coverage of each metagenome
(Table 1). As Nonpareil was designed for short reads only, the long PacBio reads were
sheared into 150 bp fragments to allow for comparative analysis to the Illumina reads.
Coverage values ranged from 0.72�0.88, indicating a high level of coverage with the chosen
sequencing depth. Low quality reads and adapters were removed from the Illumina dataset
using BBDuk of the BBtools package v38.73 (http://bbtools.jgi.doe.gov/) (parameters:
ktrim D r, k D 29, minkD 12, hdistD 1, tboD t, tpeD t, qtrim D rl, trimq D 20, minlength
D 100). Megahit v1.2.9 (Li et al., 2016) (parameters: �presets meta-large, �cleaning-rounds
5) was used to assemble short-read metagenomes individually (Table 1).

Quality trimmed reads were mapped to the assemblies using BBMap of the BBtools
package (Bushnell, 2014) (parameters: minidD 99, idfilter D 97) to provide coverage
information for binning. The recovery of MAGs was then performed in a multi-step
approach. Firstly, contigs >2.5 kbp in length were binned using three different programs
with default settings: Metabat2 v2.12.1 (Kang et al., 2019), Concoct v1.1.0 (Alneberg et
al., 2014) and MaxBin2 v2.2.7 (Wu, Simmons & Singer, 2016). A consensus set of non-
redundant bins was subsequently retrieved using DasTool v1.1.1 (Sieber et al., 2018) and
taxonomically classified using CheckM v1.1.2 (Parks et al., 2015). In the second step, bins
assigned to same taxonomic class were concatenated into a single file and used to recruit raw
reads with BBmap (minidD 95, idfilterD 95). The successfully mapped reads from each
class were assembled using Megahit (parameters: �presets meta-sensitive �cleaning-rounds
5). The binning pipeline described above was then repeated for each class-level assembly.
The taxonomic reassembly was performed as it can greatly improve the quality of MAGs
produced through increased contiguity and reduced contamination. The completeness and
contamination were determined using CheckM and those that were < 50% complete were
removed from further analysis. Reads were recruited to the remaining 218 MAGs using
BBmap (parameters: minidD 99 idfilterD 97) to generate coverage information. The MAGs
and resulting sequence alignment map files were processed with the metagenomics pipeline
implemented in Anvi’o v6.1 (Eren et al., 2015). All 218 MAGs were then manually refined
using the anvio interactive interface with the anvi-refine function to inspect coverage and
reduce contamination where necessary.

Metagenomic assembly and binning of PacBio reads
PacBio HiFi reads were subject to error correction using the program FMLRC v1.0 (Wang et
al., 2018) with the Illumina quality trimmed reads as a reference. The reads were processed
in a similar pipeline as described for the Illumina reads except, metaFlye v2.6 (Kolmogorov
et al., 2020) (parameters: �pacbio-hifi, -i 5, �genome-size 150 m) was used for assembly
(Table 1). To obtain coverage information for binning, the Illumina reads derived from
the same sample were used for mapping, using the same parameters described above, due
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to the robustness of short-read mapping tools. Taxonomic reassembly was not performed
for the PacBio dataset due to the high quality of generated MAGs from single metagenome
assemblies. The three PacBio assemblies resulted in 128 consensus MAGs being retrieved
after removing those with <50% completeness. All MAGs were then manually refined as
described for the Illumina dataset.

The 346 manually refined MAGs were compared using FastANI v1.9 (Jain et al., 2018)
and grouped into species-level clusters with a genome alignment threshold of 30% and
a 95% identity threshold. The highest quality MAG from each cluster (determined by
completeness, contamination, N50, number of contigs and the presence of rRNA genes)
was designated the representative (Table S2) and used for phylogenetic tree reconstruction.
Quality trimmed reads from the Illumina metagenomes were recruited to each species-
representative MAG and relative abundances calculated (Table S3). A schematic diagram
is provided that summarises the workflow used to analyse the metagenomic data (Fig. 2).

Phylogenetic assessment of MAGs
The taxonomic classification of MAGs was performed using two approaches. Firstly, the
classify_wf pipeline of GTDB-tk v1.0.2 (Chaumeil et al., 2020;Parks et al., 2020) (Release89)
was used. Secondly, full-length 16S rRNA gene sequences (>1,400 bp in length) were
extracted from representative MAGs with Barrnap v0.9 (Seeman, 0000) and placed into
the SILVA 138 SSU NR99 reference phylogenetic tree (Quast et al., 2013; Yilmaz et al.,
2014) using the SINA aligner (Pruesse, Peplies & Glöckner, 2012) and Maximum Parsimony
algorithm of the ARB program (Ludwig et al., 2004). In total, 73 out of 136 species-
representative MAGs had a complete 16S rRNA gene (>1,400 bp in length) and 23 of
those, had more than one gene. The taxonomic assignment of sequences inferred from the
SILVA database was used to replace the alpha-numeric taxonomic group names provided
by GTDB where possible.

A phylogenetic tree was constructed using a concatenated alignment of 16 ribosomal
proteins (L2, L3, L4, L5, L6, L14, L16, L18, L22, L24, S3, S8, S10, S17, S19) following a
similar procedure toHug et al. (2016). To represent the diversity as accurately as possible,
the dataset was supplement with genomes of Bacteria and Archaea that were labelled as
‘Representative’ and ‘Complete’ in the RefSeq database (>2,500 genomes). Prodigal was
used to predict coding sequences and target proteins were identified using hmmsearch
v3.3.1 (Eddy, 2011) against PFAM HMM models for each ribosomal protein (E-value
threshold of 1E -5). Individual gene sets were aligned using Muscle v3.8.15 (Edgar, 2004)
(parameters: -maxiters 16) and trimmed using TrimAI v1.4.1 (Capella-GutiØrrez, Silla-
Martínez & Gabaldón, 2009) (parameters: -automated1). All alignments were concatenated
to form a single 16 gene alignment and a phylogenetic tree constructed using FastTree
v.2.1.10 (Price, Dehal & Arkin, 2010) (parameters: -gamma �lg). The tree was visualised
and annotated using iToL v4 (Letunic & Bork, 2019) (Fig. 3).

Recovery of full-length 16S rRNA gene sequences
The extraction of 16S rRNA gene sequences from metagenomic reads can provide an insight
into the community sampled and aid in identifying major taxonomic groups that are missed
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Figure 2 Schematic diagram of the workflow used to process the metagenomic data.
Full-size DOI: 10.7717/peerj.11721/fig-2

in the recovery of MAGs. Additionally in this study, it also allows for the comparison of
the two sequencing methods. However, a major restriction with short-read metagenomic
sequencing is the limited capacity to accurately reassemble full length 16S rRNA genes.
With the advent of highly accurate long read sequences generated from PacBio sequel II
(>99% accuracy), full length 16S rRNA genes can be retrieved from single reads without
a need for assembly, thus circumventing previous limitations. This not only results in
MAGs with complete 16S rRNA operons but also provides many additional sequences that
can help to expand current databases without the need for a second, targeted sequencing
run or additional sequencing platform. To provide future users of the data with a more
detailed insight into the community and to demonstrate the value of long PacBio reads,
we used the tool Barrnap v0.9 with default settings (parameters: �kingdom bac) to extract
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Figure 3 Phylogenetic diversity of metagenome assembled genomes (MAGs) from the Fram Strait.
The maximum likelihood tree was constructed from the concatenated alignments of 16 ribosomal proteins
present in the MAGs and reference genomes of Bacteria and Archaea available in RefSeq. Coloured outer
rings indicate groups that are represented by MAGs whilst circles on midpoints of the same colour indi-
cate the exact position of MAGs within those groups.

Full-size DOI: 10.7717/peerj.11721/fig-3

16S rRNA gene sequences from the PacBio reads. A length cut-off was applied at 1000 bp,
to focus on complete or near-complete gene sequences. For comparison, 16S rRNA reads
were identified in the Illumina dataset using SortMeRna (Kopylova, NoØ & Touzet, 2012)
with a length cut-off of 120 bp. The extracted reads from each dataset were clustered into
operational taxonomic units (OTUs) using the program CD-HIT-EST (Fu et al., 2012) at
a 99% threshold. Reads were aligned using the SINA aligner and phylogenetically placed
into the SILVA SSU_RefNR99 138.1 reference tree using the Parsimony tool in ARB, as
described in ‘Phylogenetic assessment of MAGs’. The raw read numbers for the identified
community were Hellinger transformed, compared using a Bray�Curtis dissimilarity
matrix and visualised in a dendrogram format and ordinated using non-metric multi-
dimensional scaling analysis (NMDS; Fig. S2) using the vegan package (Oksanen et al.,
2013) in RStudio v1.1.463 (R Core Team, 2015). The taxonomic diversity of each sample
was visualised using the ggplot2 package (Wickham, 2016) in RStudio v1.1.463 (Fig. 4) and
the relative abundance of all taxonomic groups across samples is provided in Tables S4
and S5 (Illumina-derived 16S rRNA gene composition) and Table S4 (PacBio-derived 16S
rRNA gene composition).
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Figure 4 Phylogenetic composition of each metagenome sample derived from 16S rRNA gene
sequences.Genes were recovered from raw metagenomic reads using Barrnap (PacBio reads) and
SortMeRNA (Illumina reads) and included only if the length was> 1,000 bp or> 120 bp respectively.
Sequences from each dataset were clustered at a 99% identity threshold and taxonomically classified by
inclusion into a reference phylogenetic tree from the SILVA 138 NR99 database. For clarity, the lettering
used at the end of the sample name shows which PacBio and Illumina metagenomes came from the same
sample, e.g., 4571_H and 4502_H.

Full-size DOI: 10.7717/peerj.11721/fig-4

RESULTS
Identi�cation of distinct water masses
The samples were identified as being of either Atlantic, Arctic or a mixed water mass origin
based upon the measured abiotic parameters (Table S1). Those with a temperature < 0� C
and a salinity of < 34 psu were labelled as Arctic whereas those with a temperature of >5� C
and a salinity of� 35 psu were labelled as Atlantic, in accordance with previous studies
(Rudels et al., 2013; Fadeev et al., 2018). Samples with values in between these thresholds
were defined as being of mixed origin.

Coverage and community
To determine the quality of the 14 metagenomes with respect to capturing the sampled
community, NonPareil was used to calculate coverage; for this analysis, the long PacBio
reads were sheared into 150 bp fragments to allow a direct comparison to the short Illumina
reads. The coverage values across all metagenomes ranged from 0.72�0.88, indicating a
high coverage regardless of sequencing method.

Prior to assembling the metagenomic reads, the community composition of each sample
was assessed using the 16S rRNA gene (Fig. 4). Such an analysis provides an insight into
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the community sampled for future users of the data, whilst allowing comparisons between
the two sequencing methods and between the sampled community and the phylogenetic
diversity of MAGs recovered. In total, >950,000 16S rRNA gene fragments were recovered
from short-read metagenomes along with >50,000 from long-read metagenomes. Within
those recovered from long-reads, >16,000 were identified as full-length, highlighting the
value of PacBio Sequel II sequences. Comparing the community composition identified
across samples resulted in three distinct clusters reflecting the Artic, Atlantic and mixed
water masses (Fig. S2) that were identified based on variations in abiotic parameters
(Table S1).

Assembly
The eleven short-read metagenomes, containing between 46�81 million reads post quality
trimming, were individually assembled using Megahit, generating assemblies with an
average total length of 1.05 Gbp, N50 value of 691 and 2.1 million contigs (Table 1). The
three long-read metagenomes were individually assembled using metaFlye which resulted,
on average, in shorter assemblies than the short-read metagenomes, 374 Mbp in length,
but with much higher N50 values, 67 kbp, and a lower number of contigs, 9063 (Table 1).
The average longest contig length was also significantly larger in the long-read assemblies,
1.99 Mbp, compared to the short-read assemblies, 0.34 Mbp.

Binning
The contigs longer than 2.5 kbp were used to recruit reads from all short-read Illumina
metagenomes using BBmap, to provide as much coverage variation information as possible
to the binning tools. After binning with three different tools, DasTool recovered a consensus
set of 349 bins that were >50% complete and < 10% contaminated. All bins were manually
refined using anvi’o before being dereplicated into 136 species-level clusters, based on a 95%
ANI threshold (Table S2). The selected species-representative MAGs had completeness
values between 52�100% and between 0�9% contamination with an average genome
size of 1.94 Mbp (Table S2). Of these, 27 species-representative MAGs were classified as
high-quality drafts according to the MIMAGs standards(Bowers et al., 2017); meaning they
contain a 23S, 16S and 5S rRNA gene and at least 18 tRNAs with a completeness value of
>90% and contamination < 5%. Furthermore, owing to the long PacBio reads, 75 of the
MAGs had a 16S rRNA gene present and 35 of the MAGs were composed of < 10 contigs,
indicating a very high contiguity.

The phylogenetic classification of MAGs was performed using two different approaches
to ensure robustness and reliability, these included a 16S rRNA gene approach, where the
genes were present, and a single copy marker gene and phylogenetic approach through the
GTDBtk tool. The diversity captured by species-representative MAGs was then visualised
through the reconstruction of a phylogenetic tree using a concatenated alignment of
16 ribosomal proteins from the MAGs and >2500 genomes labelled as ‘Complete’ and
‘Representative’ in the RefSeq database (Fig. 3). The recovered diversity encompassed 9
phyla, 11 classes, 27 orders,� 51 families and� 54 genera. The most species-rich taxa were
the Flavobacteriales (41 species), Pseudomonadales (18 species) and Rhodobacterales (17
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species). This picture of community diversity obtained from the MAGs is comparable to
that from the 16S rRNA gene sequences alone, even though we are able to recover a much
higher number of 16S rRNA gene sequences.

Relative abundance of MAGs
The range in estimated relative abundance values across the MAGs were from < 0.001�
10.75%, with the lower values being attributed to the recruitment of reads to MAGs
from compositionally different metagenomes (Tables S4 and S5). Summing the relative
abundance values in each sample indicated that the species-representative MAGs accounted
for 52.3�89.7% of the community, further supporting that the recovered MAGs covered
all of the major taxonomic groups present.

DISCUSSION
The Fram Strait is not only a region of global significance due to its role in heat and water
mass exchange but also as it provides an invaluable opportunity to study ecological changes
from the Atlantic to Arctic Ocean. Although this region has been studied extensively in
recent years, there is still only limited information available on the ecology of microbial
communities. The metagenomics and MAG dataset presented here is derived from samples
collected across the Fram Strait region and provides unique genetic resources represented
in contrasting water masses of Arctic, Atlantic and mixed origin. The dataset also provides
a valuable combination of short-read and long-read metagenomes, representing one of the
first PacBio Sequel II metagenome and MAG dataset from marine environmental samples.

The distinct water masses sampled across the Fram Strait are distinguishable based
on temperature and salinity (Rudels et al., 2013) and are shown here to harbor unique
microbial community compositions (Fig. 4 and Fig. S2). One major distinction is the
elevated proportions of Flavobacteria taxa (such as Aurantivirga, Formosa and NS5) in
the Atlantic (West Spitsbergen Current; WSC) compared to the Arctic (East Greenland
Current; EGC) water mass, which is likely influenced by the time of sampling (July�August).
Seasonal phytoplankton blooms in the WSC region have been well evidenced and shown
to reach maximum integrated chlorophylla values of 100 mg/m3 (Nöthig et al., 2015).
Summer phytoplankton blooms typically occur from June to July (Nöthig et al., 2015) and
lead to the enrichment of Flavobacteria, with intermittent peaks of specific taxa (Formosa,
Polaribacter and NS5) (Wietz et al., 2021) resembling successional patterns that are known
from temperate spring phytoplankton blooms (Teeling et al., 2012). In comparison, the
EGC does not experience such pronounced phytoplankton blooms and instead it has been
suggested that a different food web-based structure may exist in these waters (Wietz et al.,
2021). In agreement with previous findings (Fadeev et al., 2018), the EGC was enriched
in Gammaproteobacteria (SAR86, SUP05) and taxa related to Arctic winter and deeper
waters (Marinimicrobia and SAR324). Between these distinct water masses, the central
Fram Strait region is subject to complex and dynamic hydrographic processes with lateral
mixing, advection of Atlantic water under Arctic water and westward flowing-mesoscale
eddies originating from the WSC all exerting an influence over different spatial and
temporal scales. Due to such complexities in determining these features, we defined the
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samples from the central Fram Strait region, whose abiotic parameters were between the
thresholds of Arctic and Atlantic water, as ‘mixed’. These mixed origin samples were shown
to harbor the highest proportion of taxa within the Cryomorphaceae and Flavobacteriaceae
(such as Polaribacter and NS9) as well as consist of up to 10% Verrucomicrobia that was
in low (<2%) abundance in the other water masses. Recently, an investigation into a
mesoscale filament in the central Fram Strait region revealed an increase in phytoplankton
productivity, microbial cell counts and specific taxa related to phytoplankton-derived
organic matter degradation (Fadeev et al., 2021). Although in the data presented here, the
measured fluorescence values (Table S2) were not indicative of a bloom event, the enriched
taxa are known as key players in organic matter degradation. Therefore, it is possible
that the mixed samples are derived from a mesoscale filament or eddy and represent a
post-phytoplankton bloom situation.

Integrating short and long read sequencing technologies to recover
microbial populations
The pipeline we employed to process metagenomics reads was carefully optimized to
ensure high quality and accurate assemblies and to maximize the number of near-complete
MAGs recovered. The assembly of reads for each metagenome individually as opposed
to using a co-assembly approach, likely reduces the chance of chimera formation and
prevents the loss of strain variation across populations. The subsequent binning of contigs,
after removing those less than 2.5 kbp in length to minimize misbinning (Chen et al.,
2020), was performed using multiple tools as opposed to a single tool as this approach
has recently been shown to greatly increase the number of reconstructed near-complete
genomes (Probst et al., 2017; Sieber et al., 2018). To further improve the completeness
and contiguity of bins, we reassembled reads that were recruited to bins of the same
taxonomic class within each sample. Although the resulting set of bins were of seemingly
high quality, it is well known that using automated tools can result in misbinning of
contigs due to similarities in sequence composition and coverage across genomic regions
of different microbial populations (Chen et al., 2020). Therefore, each of the generated bins
was visually inspected and subject to manual refinement which involved the removal of
misplaced contigs and the discarding of erroneous bins.

By employing long-read and short-read sequencing, we are able to compare the number
and quality of MAGs retrieved between both platforms. Of the species-representative
MAGs recovered, those generated from the PacBio metagenomes had, on average, larger
genome sizes, higher N50 values and were less fragmented compared to those retrieved
from Illumina metagenomes (Table S2). One of the major limitations of short-read
metagenomics is the low recovery rate of rRNA genes within MAGs. However, in this
study, 84% of MAGs retrieved from the PacBio metagenomes contained at least one
complete 16S rRNA gene sequence, highlighting another key advantage of using long Hifi
reads. Therefore, we can conclude that HiFi read metagenomes derived from the PacBio
Sequel II platform can greatly improve the number and quality of MAGs recovered, which
will allow for further advancement in our understanding of the ecology of marine microbial
communities.
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CONCLUSION
The aim of this manuscript was to provide a useful data resource to supplement future
ecological analyses on Arctic microbial communities and to help alleviate biases against
metagenomic sequence data from polar regions. The generation of 14 metagenomes
from short and long read sequencing platforms along with 136 manually-refined species-
representative MAGs provides a valuable dataset to address questions regarding distribution
of taxa and functionality on a community- and species-level as well for downstream
comparative genomics.

An initial insight into the composition of the metagenomes using 16S rRNA
gene sequences revealed taxonomically-rich communities with distinct compositions
corresponding to the different water masses sampled. The recovery of more than 16,000
full-length 16S rRNA gene sequences from raw PacBio reads can allow for further high-
resolution phylogenetic analyses to be performed. The diversity captured by the 136
manually-refined species-representative MAGs encompassed more than 50 genera and
consisted of members from all major taxonomic groups in the sampled community.
Furthermore, the majority of MAGs recovered were of high quality, with 27 MAGs being
classified as high-quality drafts according to MIMAGS standards, 75 MAGs containing at
least one 16S rRNA gene and 35 MAGs having < 10 contigs.

The pipeline used to process the metagenome data and recover the described MAGs
was thoroughly tested and optimized at each stage to ensure reliable and high-quality
results. Although the provided data is suitable for direct inclusion in further analyses, it is
recommended to confirm any of the stated values here using the most up to date analysis
tools, particularly with respect to MAG completeness, contamination and taxonomic
classification.

DATA RECORDS
All data provided in this study has been deposited in the European Nucleotide Archive
(ENA) at EMBL-EBI under accession number PRJEB41592.

ACKNOWLEDGEMENTS
We would like to thank Jörg Wulf and Mirja Meiners, from the Molecular Ecology
department at the Max Planck Institute for Marine Microbiology in Bremen, for their
technical support. Furthermore we would like to thank the team at the Max Planck
Genome Centre in Cologne for their efforts with sequencing the samples.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was funded by the Max Planck Society. The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript.

Priest et al. (2021), PeerJ , DOI 10.7717/peerj.11721 13/19

https://peerj.com
https://www.ebi.ac.uk/ena/browser/view/PRJEB41592
http://dx.doi.org/10.7717/peerj.11721


Grant Disclosures
The following grant information was disclosed by the authors:
The Max Planck Society.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
� Taylor Priest conceived and designed the experiments, performed the experiments,

analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
paper, and approved the final draft.

� Luis H. Orellana, Bernhard M. Fuchs and Rudolf Amann conceived and designed the
experiments, authored or reviewed drafts of the paper, and approved the final draft.

� Bruno Huettel performed the experiments, authored or reviewed drafts of the paper,
and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

All data in this study are available in the European Nucleotide Archive (ENA) at
EMBL-EBI: PRJEB41592.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.11721#supplemental-information.

REFERENCES
Alneberg J, Bjarnason BS, Bruijn IDe, Schirmer M, Quick J, Ijaz UZ, Lahti L, Loman

NJ, Andersson AF, Quince C. 2014.Binning metagenomic contigs by coverage and
composition. Nature.Nature Methods11:1144�1146 DOI 10.1038/nmeth.3103.

Azam F. 1998.Microbial control of oceanic carbon flux: the plot thickens.Science
280:694�696 DOI 10.1126/science.280.5364.694.

Bowers RM, Kyrpides NC, Stepanauskas R, Harmon-Smith M, Doud D, Reddy TBK,
Schulz F, Jarett J, Rivers AR, Eloe-Fadrosh EA, Tringe SG, Ivanova NN, Copeland
A, Clum A, Becraft ED, Malmstrom RR, Birren B, Podar M, Bork P, Weinstock
GM, Garrity GM, Dodsworth JA, Yooseph S, Sutton G, Glöckner FO, Gilbert
JA, Nelson WC, Hallam SJ, Jungbluth SP, Ettema TJG, Tighe S, Konstantinidis
KT, Liu W-T, Baker BJ, Rattei T, Eisen JA, Hedlund B, McMahon KD, Fierer N,
Knight R, Finn R, Cochrane G, Karsch-Mizrachi I, Tyson GW, Rinke C, Lapidus
A, Meyer F, Yilmaz P, Parks DH, Eren AM, Schriml L, Banfield JF, Hugenholtz P,
Woyke T. 2017.Minimum information about a single amplified genome (MISAG)
and a metagenome-assembled genome (MIMAG) of bacteria and archaea.Nature
Biotechnology35:725�731 DOI 10.1038/nbt.3893.

Bushnell B. 2014.BBTools software package.http://bbtools.jgi.doe.gov.

Priest et al. (2021), PeerJ , DOI 10.7717/peerj.11721 14/19

https://peerj.com
https://www.ebi.ac.uk/ena/browser/view/PRJEB41592
http://dx.doi.org/10.7717/peerj.11721#supplemental-information
http://dx.doi.org/10.7717/peerj.11721#supplemental-information
http://dx.doi.org/10.1038/nmeth.3103
http://dx.doi.org/10.1126/science.280.5364.694
http://dx.doi.org/10.1038/nbt.3893
http://bbtools.jgi.doe.gov
http://dx.doi.org/10.7717/peerj.11721


Capella-GutiØrrez S, Silla-Martínez JM, Gabaldón T. 2009.trimAl: a tool for auto-
mated alignment trimming in large-scale phylogenetic analyses.Bioinformatics
25:1972�1973 DOI 10.1093/bioinformatics/btp348.

Chaumeil P-A, Mussig AJ, Hugenholtz P, Parks DH. 2020.GTDB-Tk: a toolkit to clas-
sify genomes with the Genome Taxonomy Database.Bioinformatics36:1925�1927
DOI 10.1093/bioinformatics/btz848.

Chen L-X, Anantharaman K, Shaiber A, Eren AM, Banfield JF. 2020.Accurate
and complete genomes from metagenomes.Genome Research30:315�333
DOI 10.1101/gr.258640.119.

De Coster W, D’Hert S, Schultz DT, Cruts M, Van Broeckhoven C. 2018.NanoPack:
visualizing and processing long-read sequencing data.Bioinformatics34:2666�2669
DOI 10.1093/bioinformatics/bty149.

Eddy SR. 2011.Accelerated profile HMM searches.PLOS Computational Biology
7:e1002195 DOI 10.1371/journal.pcbi.1002195.

Edgar RC. 2004.MUSCLE: multiple sequence alignment with high accuracy and high
throughput.Nucleic Acids Research32:1792�1797 DOI 10.1093/nar/gkh340.

Eren AM, Esen ÖC, Quince C, Vineis JH, Morrison HG, Sogin ML, Delmont TO.
2015.Anvi’o: an advanced analysis and visualization platform for ‘omics data.PeerJ
3:e1319 DOI 10.7717/peerj.1319.

Fadeev E, Salter I, Schourup-Kristensen V, Nöthig E-M, Metfies K, Engel A,
Piontek J, Boetius A, Bienhold C. 2018.Microbial communities in the east
and west fram strait during sea ice melting season.Frontiers in Marine5:429
DOI 10.3389/fmars.2018.00429.

Fadeev E, Wietz M, Appen W-J von, Iversen MH, Nöthig E-M, Engel A, Grosse J,
Graeve M, Boetius A. 2021.Submesoscale physicochemical dynamics directly
shape bacterioplankton community structure in space and time.Limnology and
OceanographyEpub ahead of print May 26 2021 DOI 10.1002/lno.11799.

Fu L, Niu B, Zhu Z, Wu S, Li W. 2012.CD-HIT: accelerated for clustering the next-
generation sequencing data.Bioinformatics (Oxford, England)28:3150�3152
DOI 10.1093/bioinformatics/bts565.

GEBCO Compilation Group. 2020.GEBCO 2020 Grid.
Hug LA, Baker BJ, Anantharaman K, Brown CT, Probst AJ, Castelle CJ, Butterfield

CN, Hernsdorf AW, Amano Y, Ise K, Suzuki Y, Dudek N, Relman DA, Finstad KM,
Amundson R, Thomas BC, Banfield JF. 2016.A new view of the tree of life.Nature
Microbiology1:1�6 DOI 10.1038/nmicrobiol.2016.48.

Jain C, Rodriguez RLM, Phillippy AM, Konstantinidis KT, Aluru S. 2018.High
throughput ANI analysis of 90K prokaryotic genomes reveals clear species bound-
aries.Nature Communications9:5114 DOI 10.1038/s41467-018-07641-9..

Jakobsson M, Mayer LA, Bringensparr C, Castro CF, Mohammad R, Johnson P, Ketter
T, Accettella D, Amblas D, An L, Arndt JE, Canals M, Casamor JL, ChauchØ N,
Coakley B, Danielson S, Demarte M, Dickson M-L, Dorschel B, Dowdeswell JA,
Dreutter S, Fremand AC, Gallant D, Hall JK, Hehemann L, Hodnesdal H, Hong J,

Priest et al. (2021), PeerJ , DOI 10.7717/peerj.11721 15/19

https://peerj.com
http://dx.doi.org/10.1093/bioinformatics/btp348
http://dx.doi.org/10.1093/bioinformatics/btz848
http://dx.doi.org/10.1101/gr.258640.119
http://dx.doi.org/10.1093/bioinformatics/bty149
http://dx.doi.org/10.1371/journal.pcbi.1002195
http://dx.doi.org/10.1093/nar/gkh340
http://dx.doi.org/10.7717/peerj.1319
http://dx.doi.org/10.3389/fmars.2018.00429
http://dx.doi.org/10.1002/lno.11799
http://dx.doi.org/10.1093/bioinformatics/bts565
http://dx.doi.org/10.1038/nmicrobiol.2016.48
http://dx.doi.org/10.1038/s41467-018-07641-9.
http://dx.doi.org/10.7717/peerj.11721


Ivaldi R, Kane E, Klaucke I, Krawczyk DW, Kristoffersen Y, Kuipers BR, Millan
R, Masetti G, Morlighem M, Noormets R, Prescott MM, Rebesco M, Rignot E,
Semiletov I, Tate AJ, Travaglini P, Velicogna I, Weatherall P, Weinrebe W, Willis
JK, Wood M, Zarayskaya Y, Zhang T, Zimmermann M, Zinglersen KB. 2020.The
International Bathymetric Chart of the Arctic Ocean Version 4.0.Scientific Data
7:176 DOI 10.1038/s41597-020-0520-9.

Kang DD, Li F, Kirton E, Thomas A, Egan R, An H, Wang Z. 2019.MetaBAT 2: an
adaptive binning algorithm for robust and efficient genome reconstruction from
metagenome assemblies.PeerJ7:e7359 DOI 10.7717/peerj.7359.

Kolmogorov M, Bickhart DM, Behsaz B, Gurevich A, Rayko M, Shin SB, Kuhn K,
Yuan J, Polevikov E, Smith TPL, Pevzner PA. 2020.metaFlye: scalable long-
read metagenome assembly using repeat graphs.Nature Methods17:1103�1110
DOI 10.1038/s41592-020-00971-x.

Kopylova E, NoØ L, Touzet H. 2012.SortMeRNA: fast and accurate filtering of
ribosomal RNAs in metatranscriptomic data.Bioinformatics28:3211�3217
DOI 10.1093/bioinformatics/bts611.

Lantuit H, Pollard WH. 2008.Fifty years of coastal erosion and retrogressive thaw
slump activity on Herschel Island, southern Beaufort Sea, Yukon Territory, Canada.
Geomorphology95:84�102 DOI 10.1016/j.geomorph.2006.07.040.

Letunic I, Bork P. 2019.Interactive tree of life (iTOL) v4: recent updates and new
developments.Nucleic Acids Research47:W256�W259 DOI 10.1093/nar/gkz239.

Lewis KM, Dijken GL van, Arrigo KR. 2020.Changes in phytoplankton concentration
now drive increased Arctic Ocean primary production.Science369:198�202
DOI 10.1126/science.aay8380.

Li D, Luo R, Liu C-M, Leung C-M, Ting H-F, Sadakane K, Yamashita H, Lam T-
W. 2016.MEGAHIT v1.0: a fast and scalable metagenome assembler driven
by advanced methodologies and community practices.Methods102:3�11
DOI 10.1016/j.ymeth.2016.02.020.

Lind S, Ingvaldsen RB, Furevik T. 2018.Arctic warming hotspot in the northern
Barents Sea linked to declining sea-ice import.Nature Climate Change8:634�639
DOI 10.1038/s41558-018-0205-y.

Ludwig W, Strunk O, Westram R, Richter L, Meier H, null Yadhukumar, Buchner A,
Lai T, Steppi S, Jobb G, Förster W, Brettske I, Gerber S, Ginhart AW, Gross O,
Grumann S, Hermann S, Jost R, König A, Liss T, Lüssmann R, May M, Nonhoff
B, Reichel B, Strehlow R, Stamatakis A, Stuckmann N, Vilbig A, Lenke M, Ludwig
T, Bode A, Schleifer K-H. 2004.ARB: a software environment for sequence data.
Nucleic Acids Research32:1363�1371 DOI 10.1093/nar/gkh293.

McGuire AD, Chapin FS, Walsh JE, Wirth C. 2006.Integrated regional changes in arctic
climate feedbacks: implications for the global climate system.Annual Review of Envi-
ronment and Resources31:61�91 DOI 10.1146/annurev.energy.31.020105.100253.

Priest et al. (2021), PeerJ , DOI 10.7717/peerj.11721 16/19

https://peerj.com
http://dx.doi.org/10.1038/s41597-020-0520-9
http://dx.doi.org/10.7717/peerj.7359
http://dx.doi.org/10.1038/s41592-020-00971-x
http://dx.doi.org/10.1093/bioinformatics/bts611
http://dx.doi.org/10.1016/j.geomorph.2006.07.040
http://dx.doi.org/10.1093/nar/gkz239
http://dx.doi.org/10.1126/science.aay8380
http://dx.doi.org/10.1016/j.ymeth.2016.02.020
http://dx.doi.org/10.1038/s41558-018-0205-y
http://dx.doi.org/10.1093/nar/gkh293
http://dx.doi.org/10.1146/annurev.energy.31.020105.100253
http://dx.doi.org/10.7717/peerj.11721


Neukermans G, Oziel L, Babin M. 2018.Increased intrusion of warming Atlantic water
leads to rapid expansion of temperate phytoplankton in the Arctic.Global Change
Biology24:2545�2553 DOI 10.1111/gcb.14075.

Nöthig E-M, Bracher A, Engel A, Metfies K, Niehoff B, Peeken I, Bauerfeind E, Cherka-
sheva A, Gäbler-Schwarz S, Hardge K, Kilias E, Kraft A, Kidane YM, Lalande C,
Piontek J, Thomisch K, Wurst M. 2015.Summertime plankton ecology in Fram
Strait�a compilation of long- and short-term observations.Polar Research34:23349
DOI 10.3402/polar.v34.23349.

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin P, O’Hara R, Simpson G,
Solymos P, Stevens M, Wagner H. 2013.Vegan: community Ecology Package. R
Package Version. 2.0-10. CRAN.

Oziel L, Baudena A, Ardyna M, Massicotte P, Randelhoff A, SallØe J-B, Ingvaldsen
RB, Devred E, Babin M. 2020.Faster Atlantic currents drive poleward expansion
of temperate phytoplankton in the Arctic Ocean.Nature Communications11:1�8
DOI 10.1038/s41467-020-15485-5.

Parks DH, Chuvochina M, Chaumeil P-A, Rinke C, Mussig AJ, Hugenholtz P. 2020.A
complete domain-to-species taxonomy for Bacteria and Archaea.Nature Biotechnol-
ogy38:1079�1086 DOI 10.1038/s41587-020-0501-8.

Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW. 2015.CheckM:
assessing the quality of microbial genomes recovered from isolates, single cells, and
metagenomes.Genome Research25:1043�1055 DOI 10.1101/gr.186072.114.

Polyakov IV, Pnyushkov AV, Alkire MB, Ashik IM, Baumann TM, Carmack EC,
Goszczko I, Guthrie J, Ivanov VV, Kanzow T, Krishfield R, Kwok R, Sund-
fjord A, Morison J, Rember R, Yulin A. 2017.Greater role for Atlantic inflows
on sea-ice loss in the Eurasian Basin of the Arctic Ocean.Science356:285�291
DOI 10.1126/science.aai8204.

Price MN, Dehal PS, Arkin AP. 2010.FastTree 2 �approximately maximum-likelihood
trees for large alignments.PLOS ONE5:e9490 DOI 10.1371/journal.pone.0009490.

Probst AJ, Castelle CJ, Singh A, Brown CT, Anantharaman K, Sharon I, Hug LA,
Burstein D, Emerson JB, Thomas BC, Banfield JF. 2017.Genomic resolution of a
cold subsurface aquifer community provides metabolic insights for novel microbes
adapted to high CO2 concentrations.Environmental Microbiology19:459�474
DOI 10.1111/1462-2920.13362.

Pruesse E, Peplies J, Glöckner FO. 2012.SINA: accurate high-throughput multiple
sequence alignment of ribosomal RNA genes.Bioinformatics (Oxford, England)
28:1823�1829 DOI 10.1093/bioinformatics/bts252.

QGIS.org. 2021.QGIS Association.Available at https://www.qgis.org.
Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J, Glöck-

ner FO. 2013.The SILVA ribosomal RNA gene database project: improved
data processing and web-based tools.Nucleic Acids Research41:D590�D596
DOI 10.1093/nar/gks1219.

Priest et al. (2021), PeerJ , DOI 10.7717/peerj.11721 17/19

https://peerj.com
http://dx.doi.org/10.1111/gcb.14075
http://dx.doi.org/10.3402/polar.v34.23349
http://dx.doi.org/10.1038/s41467-020-15485-5
http://dx.doi.org/10.1038/s41587-020-0501-8
http://dx.doi.org/10.1101/gr.186072.114
http://dx.doi.org/10.1126/science.aai8204
http://dx.doi.org/10.1371/journal.pone.0009490
http://dx.doi.org/10.1111/1462-2920.13362
http://dx.doi.org/10.1093/bioinformatics/bts252
https://www.qgis.org
http://dx.doi.org/10.1093/nar/gks1219
http://dx.doi.org/10.7717/peerj.11721


R Core Team. 2015.A language and environment for statistical computing. Vienna,
Austria: R Foundation for statistical computing.

Rodriguez RLM, Gunturu S, Tiedje JM, Cole JR, Konstantinidis KT. 2018.Nonpareil
3: Fast Estimation of Metagenomic Coverage and Sequence Diversity.MSystems
3:e00039�18 DOI 10.1128/mSystems.00039-18.

Rodriguez RLM, Konstantinidis KT. 2014.Nonpareil: a redundancy-based approach
to assess the level of coverage in metagenomic datasets.Bioinformatics30:629�635
DOI 10.1093/bioinformatics/btt584.

Rudels B, Jones EP, Anderson LG, Kattner G. 1994.On the intermediate depth waters
of the Arctic Ocean. In: Johannessen OM, Muench RD, Overland JE, eds.The role
of the Polar Oceans in Shaping the Global Climate. Washington, D.C.: American
Geophysical Union, 33�46 DOI 10.1029/GM085p0033.

Rudels B, Schauer U, Björk G, Korhonen M, Pisarev S, Rabe B, Wisotzki A. 2013.
Observations of water masses and circulation with focus on the Eurasian
Basin of the Arctic Ocean from the 1990s to the late 2000s.Science9:147�169
DOI 10.5194/os-9-147-2013.

Seeman T.barrnap 0.9 0.9: rapid ribosomal RNA prediction.Available at https://github.
com/ tseeman/barrnap.

Serreze MC, Barrett AP, Slater AG, Woodgate RA, Aagaard K, Lammers RB, Steele M,
Moritz R, Meredith M, Lee CM. 2006.The large-scale freshwater cycle of the Arctic.
Journal of Geophysical Research: Oceans111:C11010 DOI 10.1029/2005JC003424.

Sieber CMK, Probst AJ, Sharrar A, Thomas BC, Hess M, Tringe SG, Banfield JF. 2018.
Recovery of genomes from metagenomes via a dereplication, aggregation and scoring
strategy.Nature Microbiology3:836�843 DOI 10.1038/s41564-018-0171-1.

Spall MA. 2013.On the Circulation of Atlantic Water in the.Journal of Physical Oceanog-
raphy43:2352�2371 DOI 10.1175/JPO-D-13-079.1.

Teeling H, Fuchs BM, Becher D, Klockow C, Gardebrecht A, Bennke CM, Kassabgy
M, Huang S, Mann AJ, Waldmann J, Weber M, Klindworth A, Otto A, Lange
J, Bernhardt J, Reinsch C, Hecker M, Peplies J, Bockelmann FD, Callies U,
Gerdts G, Wichels A, Wiltshire KH, Glöckner FO, Schweder T, Amann R. 2012.
Substrate-controlled succession of marine bacterioplankton populations induced by
a phytoplankton bloom.Science336:608�611 DOI 10.1126/science.1218344.

Vonk JE, SÆnchez-García L, Van Dongen BE, Alling V, Kosmach D, Charkin A,
Semiletov IP, Dudarev OV, Shakhova N, Roos P, Eglinton TI, Andersson A,
Ö Gustafsson. 2012.Activation of old carbon by erosion of coastal and subsea
permafrost in Arctic Siberia.Nature489:137�140 DOI 10.1038/nature11392.

Wang JR, Holt J, McMillan L, Jones CD. 2018.FMLRC: hybrid long read error correc-
tion using an FM-index.BMC Bioinformatics19:50 DOI 10.1186/s12859-018-2051-3.

Wickham H. 2016.ggplot2: elegant graphics for data analysis. Springer-Verlag New York.
Wietz M, Bienhold C, Metfies K, Torres-ValdØs S, von AppenW-J, Salter I, Boetius A.

2021.The polar night shift: annual dynamics and drivers of microbial community
structure in the Arctic Ocean. ArXiv preprint. arXiv:2021.04.08.436999.

Priest et al. (2021), PeerJ , DOI 10.7717/peerj.11721 18/19

https://peerj.com
http://dx.doi.org/10.1128/mSystems.00039-18
http://dx.doi.org/10.1093/bioinformatics/btt584
http://dx.doi.org/10.1029/GM085p0033
http://dx.doi.org/10.5194/os-9-147-2013
https://github.com/tseeman/barrnap
https://github.com/tseeman/barrnap
http://dx.doi.org/10.1029/2005JC003424
http://dx.doi.org/10.1038/s41564-018-0171-1
http://dx.doi.org/10.1175/JPO-D-13-079.1
http://dx.doi.org/10.1126/science.1218344
http://dx.doi.org/10.1038/nature11392
http://dx.doi.org/10.1186/s12859-018-2051-3
http://arXiv.org/abs/2021.04.08.436999
http://dx.doi.org/10.7717/peerj.11721


Wu Y-W, Simmons BA, Singer SW. 2016.MaxBin 2.0: an automated binning algorithm
to recover genomes from multiple metagenomic datasets.Bioinformatics32:605�607
DOI 10.1093/bioinformatics/btv638.

Yilmaz P, Parfrey LW, Yarza P, Gerken J, Pruesse E, Quast C, Schweer T, Peplies
J, Ludwig W, Glöckner FO. 2014.The SILVA and All-species Living Tree
Project (LTP) taxonomic frameworks.Nucleic Acids Research42:D643�D648
DOI 10.1093/nar/gkt1209.

Zhou J, Bruns MA, Tiedje JM. 1996.DNA recovery from soils of diverse composition.
Applied and Environmental Microbiology62:316�322
DOI 10.1128/aem.62.2.316-322.1996.

Priest et al. (2021), PeerJ , DOI 10.7717/peerj.11721 19/19

https://peerj.com
http://dx.doi.org/10.1093/bioinformatics/btv638
http://dx.doi.org/10.1093/nar/gkt1209
http://dx.doi.org/10.1128/aem.62.2.316-322.1996
http://dx.doi.org/10.7717/peerj.11721

