:' frontiers Frontiers in Microbiology

@ Check for updates

OPEN ACCESS

EDITED BY

Danny lonescu,

Leibniz-Institute of Freshwater Ecology and
Inland Fisheries (IGB), Germany

REVIEWED BY

Ludovic Besaury,

Université de Reims Champagne-Ardenne,
France

Francesco Smedile,

National Research Council (CNR), Italy
Xabier Vazquez-Campos,

University of New South Wales, Australia

*CORRESPONDENCE
Mariane Schmidt Thegersen
mst@envs.au.dk

RECEIVED 20 December 2023
ACCEPTED 08 March 2024
PUBLISHED 09 April 2024

CITATION

Thegersen MS, Zervas A, Stougaard P and
Ellegaard-Jensen L (2024) Investigating
eukaryotic and prokaryotic diversity and
functional potential in the cold and alkaline
ikaite columns in Greenland.

Front. Microbiol. 15:1358787.

doi: 10.3389/fmicb.2024.1358787

COPYRIGHT

© 2024 Thoegersen, Zervas, Stougaard and
Ellegaard-Jensen. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License

(CC BY). The use, distribution or reproduction

in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology

TYPE Original Research
PUBLISHED 09 April 2024
pol 10.3389/fmicb.2024.1358787

Investigating eukaryotic and
prokaryotic diversity and
functional potential in the cold
and alkaline ikaite columns in
Greenland

Mariane Schmidt Thegersen*, Athanasios Zervas,
Peter Stougaard and Lea Ellegaard-Jensen

Department of Environmental Science, Aarhus University, Roskilde, Denmark

The ikaite columns in the Ikka Fjord, SW Greenland, represent a permanently cold
and alkaline environment known to contain a rich bacterial diversity. 16S and
18S rRNA gene amplicon and metagenomic sequencing was used to investigate
the microbial diversity in the columns and for the first time, the eukaryotic and
archaeal diversity in ikaite columns were analyzed. The results showed a rich
prokaryotic diversity that varied across columns as well as within each column.
Seven different archaeal phyla were documented in multiple locations inside
the columns. The columns also contained a rich eukaryotic diversity with 27
phyla representing microalgae, protists, fungi, and small animals. Based on
metagenomic sequencing, 25 high-quality MAGs were assembled and analyzed
for the presence of genes involved in cycling of nitrogen, sulfur, and phosphorous
as well as genes encoding carbohydrate-active enzymes (CAZymes), showing a
potentially very bioactive microbial community.
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Introduction

Tkaite columns in the Ikka fjord in SW Greenland constitute a rare, permanently cold
environment that is characterized by low temperatures and alkaline pH (Buchardt et al., 1997;
Seaman and Buchardt, 2006). The ikaite columns are located in a marine, Greenlandic
environment and the temperature inside the columns is a constant 3°C-4°C year round
(Buchardt et al., 2001). This is due to the constant flow of carbonate-rich, alkaline (pH 10.4)
freshwater seeping through the columns causing precipitation of ikaite (CaCO; - 6H,0) when
mixing with the surrounding seawater (Buchardt et al., 2001; Hansen et al., 2011; Stockmann
etal,, 2018). Recent investigations using a combination of multibeam sonar imaging and drone
images have shown a total of 938 ikaite columns (0.5-20m in height; Seaman et al., 2022).
Extreme environments are often defined as having temperatures below 15°C or above 45°C,
a pH outside the neutral range of pH 6-8, salinity above 10%, and/or a hydrostatic pressure
greater than 200atm (Madigan, 2000). Thus, ikaite columns with an internal pH of 10.4 and
low temperatures can be regarded as dual-extreme with a normal, Greenlandic marine
environment on the outside and an internal high pH, freshwater environment.
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As previously reported, the ikaite columns contain a rich diversity
of extremophilic prokaryotic organisms adapted to life at low
temperature and high pH (Stougaard et al,, 2002; Schmidt et al,
2006a,b, 2007; Schmidt et al., 2012; Glaring et al., 2015). A few studies
have previously identified eukaryotic organisms living in association
with the ikaite columns (Kristiansen and Kristiansen, 1999; Sorensen
and Kristensen, 2000; Thorbjern and Petersen, 2003; Trampe et al.,
2017), and a single study used a sequencing-based approach to briefly
look into the eukaryotic diversity inside the columns (Stougaard et al.,
2002). But aside from seven identified 18S rRNA gene sequences
representing different phylotypes with low levels sequence similarities
to (then) known 18S rRNA genes, the eukaryotic diversity inside the
ikaite columns has not been investigated.

A few other cold, freshwater environments were included in the
collection of publicly available metabarcoding data on freshwater
diversity in general (Debroas et al., 2017), and a few targeted studies
on eukaryotic microbial diversity in freshwater environments have
been carried out in, e.g., Arctic and Antarctic cryoconite holes
(Cameron et al., 2012), Patagonian and Antarctic lakes (Schiaffino
etal., 2016), Lake Vostoc in the Antarctic (Gura and Rogers, 2020) and
ice-covered, freshwater lakes in Subarctic Russia (Zakharova
etal., 2022).

Metagenomes from Polar and high-altitude environments tend to
be dominated by Pseudomonadota (Proteobacteria) and/or
Actinomycetota (Actinobacteria; Glaring et al., 2015; Oh et al,, 2019;
Rai and Bhattacharjee, 2021; Zhang et al., 2021; Singh et al., 2022),
indicating that these phyla are ubiquitously present in all cold habitats.
Pseudomonadota, furthermore, seems to be relatively well represented
among cultured isolates from polar regions in general (Groudieva
et al, 2004; Schmidt et al., 2006a; Garcia-Echauri et al., 2011;
Sathyanarayana Reddy et al., 2016; Aguayo et al., 2017; Jaarsma et al.,
2023). Attempts to bring more difficult-to-culture bacterial strains
into culture have for years been carried out through, e.g., application
of the iChip (Nichols et al., 2010; Jaarsma et al., 2023) and similar
co-culture approaches, where in situ nutrients and signaling molecules
are made available to the microbial cultures through a diffusion
Other
microorganisms into culture comprise variants of the “dilution to

membrane. methods for bringing hard-to-culture
extinction” or other cell separation approaches to reduce competition
and fast-growing species (Connon and Giovannoni, 2002; Stingl et al.,
2008; Yadav et al., 2022) or through fabrication of artificial substrates
with a nutrient or chemical composition as similar to the natural
environment as possible (Imazaki and Kobori, 2010; Rygaard et al.,
2017; Mourad et al., 2018; Wu et al., 2020).

A high-quality metagenome with DNA extracted directly from
individual locations within the ikaite columns has never before been
produced. Therefore, analysis of functional genes involved in
microbial processes including the cycling of nitrogen, phosphorous,
and sulfur and utilization of carbohydrates has never been performed.
In the present study, a thorough characterization of the total microbial
community inside the ikaite columns was conducted through genomic
approaches. The prokaryotic and eukaryotic diversities inside three
ikaite columns were compared and furthermore, the culturability of
bacteria from the interior of the ikaite columns was investigated.
High-quality DNA was extracted directly from the ikaite material and
from the enrichment cultures, and 16S and 18S rRNA gene amplicon
sequences as well as metagenomes were obtained using Illumina and
Nanopore sequencing. The metagenomic data was binned to produce
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25 high-quality MAGs, and these MAGs were analyzed for the
presence of genes involved in cycling of nitrogen, phosphorous, and
sulfur, and for expression of enzymes involved in the utilization of
carbohydrates (CAZymes).

Materials and methods

Three ikaite tufa columns were collected by scuba divers in the
Ikka Fjord, Greenland (61°12°N, 48°00'W) in June 2019 with
permission from the Greenlandic Government (License no. G19-032).
The columns were between 7.5 and 10 meters in height, standing
down to 13.3 meters depth at the bottom of the fjord. Each of the
columns were cut into sections of 25-50 cm in length, and immediately
stored at —20°C for transportation. The sections of ikaite taken from
each column for this study are shown in Figure 1 and listed in
Supplementary Table S1. The top sections represented the uppermost
tips of each column, whereas the bottom sections were taken close to
the seabed. The middle sections were taken approximately in the
middle of each column—except for column 3, where the middle
section was a branch off from the main column only about 3 meters

Water surface

FIGURE 1

Schematic drawing of an ikaite column where sampling locations at
top, middle, and bottom are indicated. Before harvesting, the top
fragments were located 2.7-6.0 m below the surface, middle
fragments were located 6.5-10.3 m below surface, and bottom
fragments were located 10.0-13.3 m below surface. See
Supplementary Table S1 for details for each column.

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1358787
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Thegersen et al.

from the bottom. Detailed information on sampling is available in
Stockmann et al. (2022).

At the time of sampling, the temperature of the seawater
surrounding the ikaite columns was between 6°C and 10°C depending
on water depth. The water drained from the inside of the columns was
alkaline with a pH of 10.4-10.5. In the lab, the cut-surface was
removed by sawing off the outermost surface with a sterilized saw to
avoid “contamination” from free-living marine organisms and from
the handling of the columns during collection, packing, and storage.
We thereafter drilled out ikaite material from the alkaline interior of
the three individual ikaite columns. From each of the three columns,
we extracted DNA from samples taken at the top, middle section, and
the bottom of the columns. Since the sections of ikaite columns were
visually very heterogeneous, samples were taken with five replicates
distributed throughout the cut-surface to approach a fair
representation of the diversity present in each section of column
(Supplementary Figure S1).

Due to the physical, meta-stable state of ikaite, the drilled material
resulted in a slurry of crushed ikaite mixed with alkaline ikaite water.
This material was further used for inoculation of enrichment cultures
and for DNA extractions (see details below).

Culture conditions for enrichment cultures

In order to examine culturability and potential substrate-induced
enrichment of bacteria from the ikaite columns, we tested a range of
substrates based on R2 culture medium (per liter: 0.5 g yeast extract,
0.5 g Bacto peptone, 0.5 g Bacto casamino acids, 0.3 g sodium pyruvate,
0.3g KH,PO,, 0.05g MgSO, - 7 H,0, 10g NaCl, 0.5 g soluble starch,
0.5g glucose) adjusted to pH 10 with Na,CO;/NaHCO;-buffer. Full
strength R2 (“R2-gluc”), 10x diluted R2 (“R2-10-gluc”), and 100x
diluted R2 (R2-100-gluc”) were used.

Variations of the 10x diluted R2 were made by substituting soluble
starch and glucose with: 0.05g/L soluble starch (“R2-10-starch”),
0.05g/L cellulose (“R2-10-cel”), or algae polysaccharides (“R2-10-
algae™ 0.05g/L agar, 0.05g/L fucoidan, 0.05g/L A-carrageenan, and
0.05g/L k-carrageenan). Furthermore, a substrate based on 100x
diluted R2 supplemented with 2.5% olive oil and 1% Tween20
(“R2-100-lip”) was made. Finally, a substrate with water extracted
directly from the inside of the ikaite columns (filtered through 0.45 pm
filter) supplemented with 1g/L casamino acids and 1g/L sodium
pyruvate was made (“IW?”; Imazaki and Kobori, 2010).

To evaluate development of the enrichment cultures from a specific
section of ikaite, all substrates were inoculated with ikaite material drilled
from a single section (column 1, middle): As five samples (“replicas”) were
drilled from the cut-surface and used for DNA extraction (see below), the
remaining material (approx. 4g) from the five replicas was pooled,
suspended in 100mL R2-100-gluc (pH 10), and vortexed thoroughly to
separate the ikaite crystals. One milliliter ikaite-suspension was used to
inoculate 100mL substrate medium. Cultures were incubated aerobically
at 5°C with 150rpm in the dark, and samples were taken for DNA
extraction after 195days (T1) and 565 days (T2).

DNA extraction and sequencing

To assess and compare the microbial diversity — prokaryotic as
well as eukaryotic - inside the ikaite columns, DNA was extracted
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from five individual drills from each of the nine sections of ikaite
and from the enrichment cultures (T1=195days, T2 =565 days)
using the NucleoSpin® Soil kit (Machery-Nagel GmbH & Co.,
Diren, Germany) following the protocol supplied by the
manufacturer, with the following modifications: For ikaite sample
preparation, we used Buffer SL1 and Enhancer SX. For
homogenization of the ikaite crystals and cell lysis, we performed
mechanical lysis using an Omni Ruptor (Omni International,
Kennesaw, GA, United States) for 2 x 45s at 4.0 m/s. Final DNA was
eluted from the spin column using 40 uL of Buffer SE, incubated
10 min at RT before final centrifugation.

The following primers were used for amplicon library building of
prokaryotic 16S rRNA gene V3-V4 variable region and eukaryotic 18S
rRNA gene V4-V5 hypervariable region: 16S forward 341F
(5’-CCTAYGGGRBGCASCAG-3") and reverse 806R
(5-GGACTACNNGGGTATCTAAT-3"; Hansen et al., 2012), and 18S
forward 528F (5-GCGGTAATTCCAGCTCCAA-3’) and reverse
706R (5-AATCCRAGAATTTCACCTCT-3"; Cheung et al.,, 2010), all
at 10 uM concentration. The amplicon library building was performed
by a two-step PCR (Feld et al., 2016; Albers et al., 2018) with slight
modifications. PCR reactions were conducted on a SimpliAmp
Thermal Cycler (Applied Biosystems, Waltham, United States). In
each reaction of the first PCR, the mix contained 12.5uL of 2x
PCRBIO Ultra Mix (PCR Biosystems), 0.5 pL of forward and reverse
primer, 0.5 pL of bovine serum albumin (BSA) to a final concentration
of 0.025mgmL™~", 6L of PCR-grade water, and 5pL of template
DNA. The reaction mixture was pre-incubated at 95°C for 2 min,
followed by 33 cycles of 95°C for 155, 55°C for 155, 72°C for 40s, with
a final extension at 72°C for 4min. Samples were subsequently
indexed by a second PCR. For this, amplification was performed in
28pL reactions with 12.5pL of 2x PCRBIO Ultra Mix (PCR
Biosystems, London, United Kingdom), 2 pL of indexing primers (P7/
P5), 6.5 uL of PCR-grade water, and 5 pL of PCR1 product. The cycling
conditions included initial denaturation at 98°C for 1 min, followed
by 13 cycles of denaturation at 98°C for 105, annealing at 55°C for 205,
and extension at 72°C for 40 s, with a final extension at 72°C for 5 min.
The final PCR products were purified with 15uL magnetic beads
(MagBio Genomics, Gaithersburg, United States) according to the
manufacturer’s instructions and eluted in 27 pL buffer. Electrophoresis
in 1% agarose gels and analysis on TapeStation 4150 with the D1000
DNA Screen-Tape (Agilent, Santa Clara, United States) were carried
out to check the quality of the libraries. Finally, the DNA
concentrations of the libraries were measured on a Qubit 4 fluorometer
(Invitrogen, United States), and libraries were then equimolarly
pooled. The pooled libraries were sequenced on an Illumina MiSeq
using the 500-cycle Reagent Kit v2 yielding paired-end 2 x 250
bp reads.

To obtain a sufficient amount of high-quality DNA for
metagenome sequencing, we pooled the extracted DNA from the
individual samples. For shotgun metagenome sequencing, a library
was constructed using the NEBNext Ultra II FS DNA library
preparation kit (E6177, New England Biolabs) according to the
manufacturer’s instructions and the resulting library was run on a
NextSeq 500 instrument with the 300-cycles sequencing chemistry
v2.5 in pair-end mode (2 x 151bp reads). From a pool of the same
DNA, a library was constructed using the Ligation Sequencing Kit
(SQK-LSK110, Oxford Nanopore Technologies) following the
manufacturer’s instructions and sequenced on a MinION R9.4.1
flowcell controlled by MinKNOW (21.02.1). Basecalling was
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performed using GPU-Guppy version 6.4.6+ae70e8f under
default settings.

Bioinformatics analysis of the microbial
community

Demultiplexed reads from Illumina amplicon sequencing were
analyzed using QIIME 2 v. 2022.8 (Hall and Beiko, 2018; Bolyen et al.,
2019). Reads were filtered, denoised, merged, chimera checked, and
dereplicated using the DADA2 (Callahan et al., 2016) with default
settings. Alignment and phylogenetic trees were generated using
MAFFT (Katoh and Standley, 2013) and FastTree (Price et al., 2010).
Following inspection of rarefaction curves to check for saturation, the
output was rarefied at 15.000 sequences for 16S and 18S of ikaite
columns and 14.000 sequences for 16S of the enrichments (T0, T1,
and T2). Samples with read counts lower than these values were
omitted from further analysis.

Taxonomic classification was performed using giime feature-
classifier in which a pre-trained Naive-Bayes classifier with Silva v. 138
(silva-138-99-nb-classifier) was applied (Quast et al., 2013). Features
were then filtered using the qiime feature-table filter-features
command to remove mitochondria, chloroplast, and eukaryotic
sequences from the 16S sequences, and mammalian and bacterial
sequences from the 18S sequences. Subsequently, the analyses were
re-done from the alignment step as described above.

Following, taxonomic tables were constructed through the giime
taxa barplot command incorporating the metadata, and the tables
were exported for further processing. The differences in the alpha
diversity, based on number of observed features as amplicon sequence
variants (ASVs), Faith’s phylogenetic diversity and Pielou’s evenness
index were assessed by Kruskal-Wallis-Pairwise test. While the beta-
diversity of the column samples, based on Bray-Curtis dissimilarity
measure, was visualized by PCoA plots through EMPeror (Vazquez-
Baeza et al,, 2013) and analyzed using PERMANOVA (Anderson,
2001). Stacked bar charts of the communities and heatmaps of the
most abundant ASV's were created in R v4.3.0" using the PhyloSeq
package v1.44.0 (McMurdie and Holmes, 2013).

Demultiplexed raw reads from Illumina metagenome sequencing
were run through the in-house TotalRNA bioinformatics pipeline
v1.1.0% in order to trim the reads, perform quality control and
assemble full-length rRNA genes. Information about program
versions and flags are presented in detail on the Github page and on
recent publications (Jaarsma et al., 2023; Scheel et al., 2023). Briefly,
trimmed reads were sorted into a “Small Subunit” Pool with
SortMeRNA (Kopylova et al., 2012) and the SILVA 138.1 SSU Ref NR
99 database, before being assembled in full-length rRNA contigs using
MetaRib (Xue et al., 2020) and taxonomically classified with CREST4
(Lanzen et al., 2012) as described elsewhere (Anwar et al., 2019).
Adapter sequences were removed from raw Nanopore reads using
Porechop v0.2.4 under default settings.’” Trimmed Illumina and
Nanopore reads were used for a hybrid metagenomic assembly using
OPERA-MS v0.9.0 (Bertrand et al., 2019), under default settings. The

1 www.rproject.org
2 https://zenodo.org/badge/latestdoi/546561474
3 https://github.com/rrwick/Porechop
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final assembly was split into a prokaryotic and eukaryotic fraction
using whokaryote v.1.1.2 (Pronk and Medema, 2022) under default
settings. Contigs predicted to be of prokaryotic origin were annotated
using PROKKA v1.14.6 and the predicted open reading frames
(ORFs) were used as input for our in-house Jupyter Notebook Analysis
pipeline v.0.0.2* to identify matches to sequences present in 4 publicly
available databases: CAZy (http://www.cazy.org/—version 07312019;
Drula et al., 2022), NCycDB (Tu et al., 2019),> SCycDB (Yu et al.,
2020),° and PCycDB (Zeng et al., 2022).” The prokaryotic contigs were
also binned with metaWRAP v.1.3.2 (Uritskiy et al., 2018) using the
binning option with metaBat2 (Kang et al., 2019) and running checkM
(option --run-checkm; Parks et al., 2015). Based on this approach,
“High Quality” Bins are considered those with >75% completeness
and <5% contamination. These HQ bins (or Metagenome-Assembled
Genomes—MAGs) were also annotated using PROKKA v1.14.6 and
the predicted open reading frames were used as input for the same
Jupyter Notebooks as above.

Results

The prokaryotic and eukaryotic diversity was investigated through
sequence analyses of 16S and 18S rRNA gene amplifications. Three
different sites in three different ikaite columns were studied and both
analyses of DNA (i) extracted directly from the ikaite columns and (ii)
extracted from enrichment cultures were conducted.

Prokaryotic diversity inside the ikaite
columns

In DNA extracted directly from ikaite material, 12 bacterial
phyla had at least a total abundance of 1% across the whole 16S
rRNA gene dataset. The relative abundance at phylum level
showed that all samples were dominated by Pseudomonadota,
Bacteroidota, Bacillota, and Actinomycetota (Figure 2A). The
relative abundance of Pseudomonadota decreased from top to
bottom samples, whereas the relative abundance of Bacillota
increased. The Pseudomonadota mainly consisted of the orders
Burkholderiales and Rhodobacterales, with the Rhodobacterales
being highly abundant especially in the top samples with up to
37% of the relative abundance in the top fragment of column 1.
Furthermore, all samples had a relatively high abundance of the
orders Ectothiorhodospirales, Bacteroidales, and Microtrichales
(Figure 2B). The middle and bottom samples furthermore
contained a relatively high abundance (up to 13%) of bacteria
belonging to the family Dethiobacteraceae, a novel family of
obligately anaerobic and alkaliphilic bacteria, where the only two
characterized strains are isolated from saline soda lakes (Sorokin
and Merkel, 2022a,b). However, most bacterial taxa could
be identified in numerous samples, supporting previous
descriptions of a large prokaryotic diversity inside this cold and

https://zenodo.org/doi/10.5281/zenodo.10254965
https://github.com/qichao1984/NCyc
https://github.com/qichao1984/SCycDB
https://github.com/ZengJiaxiong/Phosphorus-cycling-database
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The beta-diversity of the prokaryotic communities across the
samples of DNA extracted from the ikaite columns based on 16S
rRNA gene amplicons is represented by a PCoA plot (Figure 3). Each
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of the different fragments of ikaite had significantly different
prokaryotic community composition (pairwise PERMANOVA; all
P <0.05), except for column 3 middle and bottom samples (p =0.108;
Supplementary Figure S3). On average, the samples from inside the
ikaite contained between 144 (+17) and 369 (+88) ASVs
(Supplementary Table S2). The number of observed ASVs were
significantly different dependent on the location inside the columns
(p =0.006), with samples from the top of the ikaite columns containing
a significantly lower number of observed ASVs than the samples
collected from the bottom of the columns (p =0.00098). Furthermore,
the number of observed ASV's was significantly different between the
three columns (p =0.04; Supplementary Figure 54).

Five archaeal phyla were identified along with an unknown
phylum in the low-abundance 16S rRNA gene sequences. These
archaeal phyla were Crenarchaeota, Halobacterota, Nanoarchaeota,
Aenigmarchaeia, and Thermoplasmatota. The most abundant archaeal
orders were Nitrosopumilales (Crenarchaeota) and Woesearchaeales
(Nanoarchaeota), which were found in almost all samples, and
especially in the samples from column 2 (Supplementary Table S3).

Eukaryotic diversity inside the ikaite
columns

The ikaite samples contained 27 eukaryotic phyla with relative
abundance > 1% (Figure 4A), and among the dominating orders were
Spirotrichia (ciliate protozoa), Bacillariophyceae (diatoms), and
Gymnodiniphycidae (dinoflagellate; Figure 4B). In total, we identified
52 phyla plus a relatively large abundance of unclassified eukaryotes,

10.3389/fmicb.2024.1358787

including, e.g., MAST-stramenophiles (a complex group that includes
photosynthetic algae, heterotrophic flagellates, parasites, and
organisms resembling fungi; Yoon et al, 2009), and uncultured
eukaryotes (Table 1).

The number of ASV's ranged from 98+ 37 to 370 +48 (Table S4) and
was not affected by location inside the columns (p =0.13;
Supplementary Figure S5). Our study showed that the dominating phyla
(% relative abundance per ikaite column) were representing Chlorophyta
(green algae; 7.0%-11.0%) and Phragmoplastophyta (green algae/plants;
0.3-17.2), Bangiales (red algae; 0.1%-6.1%), and Diatomea (diatom
algae; 3.2%-12.6%). Fungi (kingdom) were represented by eight different
phyla, including Cryptomycota (4.2%-13.9%) and Basidiomycota
(0.2%-1.8%) as the most dominant. The diverse group of
microorganisms commonly referred to as protists contained 17 different
phyla including Cercozoa (2.0%-15.7%), Ciliophora (11.7%-19.2%),
Dinoflagellata (8.2%-10.6%), and Labyrinthulomycetes (1.7%-4.7%).
These phyla represent mainly motile organisms, which may explain their
overall distribution throughout the ikaite columns. We furthermore
observed 18S rRNA genes from, e.g., cnidaria, comb jellies, flagellates,
marine sponges, rotifers, and different phyla of microalgae, which
showed that there is indeed a diverse eukaryotic community inside the
ikaite columns but given the size of some of the living organisms, some
of the DNA must evidently originate from the outside environment,
perhaps due to organisms being encased during ikaite precipitation and
column growth.

The beta-diversity of the eukaryotic communities across the samples
of DNA extracted from the ikaite columns based on 18S rRNA gene
amplicons is represented by a PCoA plot (Figure 5). Each of the different
locations (top, middle, bottom) in a single column had a different
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PCoA plot of the beta-diversity based 16S rRNA gene amplicons in DNA extracted directly from ikaite. Spheres: Column 1. Squares: Column 2.
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Relative abundance of 18S rRNA genes in the ikaite columns at (A) phylum and (B) order level.
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eukaryotic community composition (pairwise PERMANOVA; all
P <0.05), except for middle and bottom samples in column 1 (p =0.112)
and column 3 (p =0.131). The alpha-diversity regarding the richness
shows that there is a significant difference in number of ASV's between
the columns (p =0.018; Supplementary Figure S6), with column 3 having
a significantly lower number of ASVs than columns 1 and 2, the
distribution of the most abundant taxa in each sample is illustrated in the

heatmap in Supplementary Figure S7.
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Microbial diversity of ikaite enrichment
cultures

The culturing approach only enriched for prokaryotic organisms
as evident from the PCR amplification. Amplification with 16S rRNA
gene-specific primers resulted in good amplification, whereas 18S
rRNA gene-specific primers did not result in visible bands on the
agarose gel and was therefore excluded from further analysis.
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TABLE 1 Relative abundance of eukaryotic taxa identified in the ikaite columns.

Column 1 Column 2 Column 3 Common name/
description

Chlorophyta Algae (green)
Phragmoplastophyta Algae (green)/Plants
2.7406 1.4091 2.1320 Ochrophyta Algae (red or brown)
1.3167 2.2594 2.7097 Arthropoda Arthropods
2.8097 0.5957 0.1742 Cnidaria Cnidaria
0.1039 0.0719 0.1105 Ctenophora Comb jellies
0.1179 0.1010 0.1019 Echinodermata Echinoderms
0.0037 0.0000 0.0000 Vertebrata Fish (g: Teleostei)
0.0109 0.1218 0.0026 Bicosoecida Flagellates
0.0043 0.0254 0.0137 Kathablepharidae Flagellates
0.0738 0.1352 0.0087 Platyhelminthes Flatworms
0.0005 0.0940 0.0000 Aphelidea Fungi
0.1010 0.0307 0.1044 Ascomycota Fungi
0.3150 0.2272 1.8360 Basidiomycota Fungi
0.4831 0.6073 0.2605 Chytridiomycota Fungi
0.0057 0.0094 0.0000 Mucoromycota Fungi
0.2584 0.2672 0.0204 Peronosporomycetes Fungi
0.0097 0.1624 0.0131 Nucleariidae and Fonticula group Fungi (amoeba)
0.0031 0.0000 0.0000 Stramenophiles Heterokonts
0.0049 0.0000 0.0000 Porifera Marine sponge
0.0766 0.4797 0.1173 Cryptophyceae Microalgae
0.0000 0.0017 0.0000 Pav3 Microalgae
0.0035 0.0112 0.0015 Pavlovophyceae Microalgae (haptophytes)
0.0490 0.0951 0.0374 Prymnesiophyceae Microalgae (haptophytes)
0.1433 0.5043 0.2790 Mollusca Molluscs
0.5571 0.9769 1.9845 Nematozoa Nematodes
_ 2.0443 Cercozoa Protists
0.0438 0.1185 0.0227 Amoebozoa Protists
0.0192 0.0027 0.0000 Ancyromonadida Protists
3.7253 0.0348 0.0274 Apicomplexa Protists
0.1739 0.5839 0.0151 Breviatea Protists
0.0717 0.3907 0.0252 Centrohelida Protists
0.0068 0.0038 0.0067 Discoba Protists
0.0000 0.0295 0.0046 Euglenozoa Protists
0.0005 0.0074 0.0347 Heterolobosea Protists
2.1106 2.4770 3.1308 Holozoa Protists
_ 1.6960 Labyrinthulomycetes Protists
0.0309 0.1503 0.1309 Picozoa Protists
0.9302 1.5635 1.0559 Protalveolata Protists
0.0017 0.0533 0.0071 Retaria Protists
0.0180 0.0511 0.0083 SAR Protists
Ciliophora Protists (ciliates)
Dinoflagellata Protists (dinoflagellates)
0.0019 0.0118 0.0019 Apusomonadidae Protozoans
6.1004 0.1025 0.1309 Bangiales Red algae
0.0000 0.0003 0.0000 Florideophycidae Red algae
0.0285 0.0160 0.0059 Nemertea Ribbon worms
0.5862 0.5906 1.1978 Rotifera Rotifers
0.2231 0.3932 0.3357 Annelida Segmented worms
0.5427 0.0596 0.4025 Tunicata Tunicates

Numbers represent an average percentage per column. Darker colors highlight the most abundant taxa.
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PCoA plot of the beta-diversity based 18S rRNA gene amplicons in DNA extracted directly from ikaite. Spheres: Column 1. Squares: Column 2.
Triangles: Column 3. Red: Bottom samples. Blue: Middle samples. Orange: Top samples. Each mark represents an individual sample of extracted DNA.

Axis 1 (13.92%)

We sampled the cultures for DNA extraction after 195days (T1) and
again after 565 days (T2). After 195 days of incubation, the number of
ASVs substantively
(Supplementary Table S5), and since neither the beta-diversity nor the

were reduced in all  substrates
community composition hardly changed from T1 to T2
(Supplementary Figures S8-510), we chose in the following to focus
on the diversity in the T1 samples as compared to the diversity inside
the ikaite column (T0).

Overall, the ikaite sample (T0, n =5), which represents DNA
extracted directly from the ikaite columns before inoculation (column
1, middle), had a higher prokaryotic diversity than the enriched
samples. A heatmap of the 50 most abundant taxa across the dataset
of TO and T1 samples with different substrates can be seen in
Supplementary Figure S11.

Community composition analysis revealed six phyla with relative
abundances >1% were identified in the enrichment cultures (T1):
Pseudomonadota, Bacillota,
Gemmatimonadota, and Deinococcota (Figure 6A). Cyanobacteriota

Bacteroidota, Actinomycetota,
and Chloroflexi were only identified in the ikaite samples (TO0).
Pseudomonadota, Bacteroidota, and Bacillota by far dominated all
cultures. In the R2-based substrates containing glucose, cellulose,
starch, and lipid, the Pseudomonadota were dominated by an
unclassified genus belonging to the order Rhodobacterales
(Figure 6B). The T1-IW-samples, which were incubated in alkaline
water extracted directly from the ikaite columns, therefore simulating
the natural environment as closely as possible, were dominated by
bacteria belonging to the genus Yoonia-Loktanella, also belonging to
the Rhodobacterales. Bacteroidota was present in all samples with the

Frontiers in Microbiology

exception for the IW-substrate and the R2_100_lip, indicating that
these bacteria require other nutrients than provided in the
IW-substrate, but were also not able to utilize lipids as a carbon source.

The beta-diversity of the enrichments cultures as illustrated in the
PCoA plot in Figure 7 showed that the prokaryotic communities
identified in the T0-samples, the IW- and the lipid-based substrates
are distinct from the remaining enrichments.

Figure 6B furthermore showed that the DNA extracted directly
from the ikaite (TO) contained a relatively large proportion of
Burkholderiales and Microtrichales, which were only seen in very low
abundance in the enrichments, and Dethiobacterales, which were not
found in any of the enrichments. Actinomycetota were only, with a
very few exceptions and in very low abundance, observed in the
T0-samples, indicating that these microorganisms are difficult to grow
under our culturing conditions.

The lowest richness was observed in the enrichment cultures
(R2-100-lip) with 7+3  ASVs
(Supplementary Table S5). These cultures contained only two phyla:

containing  olive  oil

Pseudomonadota and Bacillota. The Pseudomonadota were
represented by the two orders Rhodobacterales and Rhizobiales. A
single genotype within the Rhodobacterales, which could not
be affiliated to any genus, made up 97.3%+1.4% of the relative
abundance. Within the Bacillota, a bacterium within the genus
Salinarimonas of the order Rhizobiales was identified to species level
as Alkalilactibacillus ikkense, a cold-active, alkaliphilic bacterium
previously isolated and characterized from the ikaite columns
(Schmidt et al., 2012). This genotype was observed in all enrichment
cultures, despite only being identified in very low abundance in
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FIGURE 6
Relative abundance of 16S rRNA genes in the enrichment cultures at (A) phylum and (B) order level. DNA was sampled on the day of inoculation (TO)
and after incubation in a range of substrates for 195 days (T1).

amplicons from DNA isolated directly from the ikaite material
(0.0038% relative abundance), indicating that it is an easily cultured
bacterium when using R2-based substrates.

The highest number of ASVs was found in 100x diluted R2
supplemented with glucose (37 +9), in the 10x diluted R2 supplemented
with soluble starch (33+7), and in the 10x diluted R2 supplemented
with glucose (32 +2; Supplementary Table 53). R2-100-gluc and R2-10-
starch were, besides Rhodobacterales, dominated by Bacillales and
Flavobacterales, despite these only being found in low abundances in
the ikaite (T0). The substrate supplemented with algae polysaccharides
(R2-10-algae) contained a relatively large proportion of Bacillales,
Flavoracterales, Xanthomonadales, and Bacteroidales (Figure 6B).

Microbial diversity in the ikaite
metagenome

The diversity in the ikaite metagenome was evaluated based on
assembled, full-length small subunit (SSU) rRNA genes. From
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18,431,301 trimmed pair-end Illumina reads (5,56 gigabases),
71,472 reads (0.38%) were sorted out and 91 contigs were
assembled. These 91 contigs comprised 77 prokaryotic and 14
eukaryotic rRNA gene sequences. In this context, calculating
relative abundances does not provide biological meaning. The
eukaryotic sequences belonged to two algal genera, namely Bangia
(Rhodophyta) and Acrosiphonia (Chlorophyta), and 12 SAR taxa
distributed between Ochrophyta (2), Dinoflagellata (4), Ciliophora
(1) and Cercozoa (5), potentially representing novel organisms,
except for Pseudopedinella elastica (Pedinellales, Ochrophyta),
Alexandirum (Gonyaulacales, Dinoflagellata) and Cryothecomonas
(Cryomonadida, Cercozoa). Compared to the amplicon sequencing
approach, the ikaite metagenome showed significantly lower
diversity. Bangia was found in 13 of the ikaite columns samples,
while Acrosiphonia only in one. Eukaryotic taxa with resolved
phylogeny down to the genus level represent organisms that have
been found in cold waters, while P elastica has been found in
brackish waters as well. Compared to the 18S rRNA Alexandrium
was found in 24 samples, Cryothecomonas in 33, and Pseudopedinella
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PCoA plot of the beta-diversity in ikaite enrichment cultures based on 16S rRNA gene amplicon sequencing. DNA was sampled on the day of
inoculation (T0) and after incubation for 195 days (T1). Yellow spheres: Ikaite (T0). Dark blue spheres: ikaite water-based substrate (IW, T1). Dark red
spheres: Oil-based substrate (R2-100-Lip, T1). Remaining spheres: R2-based substrates (T1).
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in none, but “Uncultured Pedinellales” were present in 25 samples,
though in small relative abundances.

The assembled prokaryotic 16S rRNA genes at the order-level
were distributed between the different phyla as: Actinomycetota (5),
Bacillota (8), Bacteroidota (3), Chloroflexi (2), Cyanobacteriota (2),
Deinococcota (1), Desulfobacterota (1), Planctomycetota (1), and
Pseudomonadota (8). These taxa represent 31/180 (17%) of the taxa
(at order-level) found in the 45 amplicon sequencing datasets from the
ikaite columns, while they account for 11/28 (39%) of the taxa found
in the enrichment cultures. At this level, there were no taxa found in
common between the metagenome and the enrichment cultures that
were not also present in the ikaite amplicons (Figure 8). On the other
hand, 18 prokaryotic taxa that were found in common between the
metagenome and the ikaite columns were not present in the
enrichment cultures and 14 taxa were present in the enrichment
cultures and ikaite columns but not in the metagenome.

Ikaite MAGs

Reads in the ikaite metagenome were binned to produce
metagenome-assembled genomes (MAGs). This produced a total of
69 MAGs out of which 25 MAGs were considered by the program as
high-quality (Supplementary Tables S6, S7). The 25 high-quality (HQ)
MAGs were phylogenetically identified based on 16S rRNA, gyrB,
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rpoA, and rpoD gene sequences (Das et al., 2014), and belonged to the
bacterial phyla Pseudomonadota (9), Bacteroidota (4), Actinomycetota
(3), Bacillota (3), Cyanobacteriota (2), Chloroflexota (1), Nitrospirota
(1), Thermodesulfobacteriota (1), and one inconclusive. The higher
representation of Pseudomonadota, Bacteroidota, Bacillota, and
Actinomycetota in the MAGs corresponds well with the 16S amplicon
analyses, which were also dominated by sequences affiliated to these
four phyla.

Cycling of N, P, and S in the ikaite columns

As it was beyond the scope of the paper, we did not aim at
analyzing metabolic pathways, however by looking at the presence of
genes and their known activities, we were able to identify at least some
of the processes potentially taking place inside the ikaite columns
based on genes present in the assembled HQ MAGs. In the high-
quality MAGs, we identified multiple genes potentially involved in the
cycling of nitrogen (N) and phosphorous (P), and sulfur (S)
(Figure 9A; Supplementary Tables S8-S11). All MAGs contained
genes for assimilatory and dissimilatory nitrate reduction,
denitrification, nitrogen fixation, or organic degradation and synthesis
(Supplementary Table S10). The MAGS with the highest number of
genes related to nitrogen cycling were MAGs 3, 16, 24, 33, and 37
affiliated to with the phylum Pseudomonadota and MAG 71 affiliated
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FIGURE 8

Venn diagram of 16S rRNA genes from the enrichment cultures
(amplicons) and from DNA isolated directly from the ikaite material
(amplicons and metagenome). The ikaite amplicons contained the
highest number of unique sequences (137) and shared 25 sequences
with the enrichment cultures and 29 sequences with the
metagenome. The metagenome did not contain any unique
sequences but shared all its sequences with the amplicons from the
ikaite material, and 11 of its sequences with the enrichment cultures.
The enrichments contained three unique sequences: one affiliated to
Acidobacteriales (Actinomycetota), one affiliated to
Ktedonobacterales (Chloroflexi), and one affiliated to
Acidaminococcales (Bacillota).

to Nitrospirota. Genes involved in denitrification included napA/B/C,
narG/H/1/JIVIY/IZ nirK/S, norB/C, and nosZ (Stewart et al., 2002;
Chen and Strous, 2013; Sparacino-Watkins et al., 2014), and in
nitrogen fixation #ifD/H/K/W (Dos Santos et al., 2012; Pi et al., 2022).
Furthermore, we identified genes involved in degradation of organic
nitrogen (asnB, glnA, glsA, and ureA/B/C; Cruz-Ramos et al., 1997;
Peng et al., 2024), assimilatory and dissimilatory nitrate reduction
(narA/CCG/H/1/JINIY/Z, nasA/B, nirA/B/D, nrfA/C/D, and NR),
nitrification (hao and nxrB), and anammox (hzsB; Sorokin et al., 2009;
Stackebrandt and Otten, 2014; D'Angelo et al., 2023).

The MAGS furthermore contained genes for phosphate transport
(phnA/C/D/E/F/G, pstA/B/C/D, and ugpA/B/C/E; Voss et al., 2013;
Adhikari et al, 2017), in mineralization of organic P (alkaline
phosphatases phoA, phoD, and phoX), in mineralization of
phosphonates (C-P lyases phnF/G/H/I/J/K/L/M; Voss et al., 2013;
Seweryn et al.,, 2015), in solubilization of inorganic P (gcd, ppa, ppx;
Wu et al, 2022), and as P-starvation response regulators (phoB/
H/R/U; diCenzo et al., 2017; Siles et al., 2022; Bruna et al., 2023;
Moreau, 2023).

We identified five MAGs and numerous 16S rRNA amplicons as
potentially being affiliated to, e.g., Thiobacillus, Thioalkalivibrio,
Desulfobacterales, Ectothiorhodospirales, Dethiobacterales, and
Thiomicrospirales, which are anaerobic bacteria with an active role in
sulfur cycling. In the HQ MAGs, we identified multiple genes involved
in sulfur oxidation (soxA/B/C/D/L/X/Y/Z; Grabarczyk and Berks,
2017), genes involved in assimilatory sulfate reduction (sat, cysN-D,
cysC/H/J/1, sir, hdrA/B/C/D) and dissimilatory sulfate reduction and
oxidation (sat, aprA/B, dsr, psrA/B, fccA/B, soeA/B/C, gmoA/B/C, sor;
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FIGURE 9

Distribution of (A) genes related to cycling of nitrogen, phosphorous
and sulfur and (B) genes encoding carbohydrate-active enzymes
(CAZymes) identified in the 25 high-quality MAGs from the
metagenomic sequencing of DNA from the ikaite columns. A
detailed table of the genes identified can be found in
Supplementary Tables S8—-S12.

Guo et al., 2016; Nagar et al., 2022; Tanabe and Dahl, 2022), amino
acid metabolism (cysE/K/M, metA/B/X/Z; Ono et al., 2017; Gai et al.,
2021), cycling of organic sulfur compounds like DMSO and DMSP
(dddL, dmdA/B, dmsA/B/C; Lidbury et al., 2016; Xiong et al., 2016;
Tebbe et al., 2023), and methane metabolisms (dmoA, mddA, mtsA/B;
Nagar et al., 2022; Shi et al., 2023). We furthermore identified gene
clusters for sulfonate utilization (tauA/B/C/D and ssuA/B/C/D/E; van
der Ploeg et al., 2001; Koch et al., 2005), and modification of bacterial
tRNAs (tusA/B/C/D/E; Ikeuchi et al., 2006).

CAZy genes in MAGs from the ikaite
metagenome

The 25 high-quality MAGs were mined for carbohydrate-active
enzyme (CAZy) genes. Genes were identified belonging to
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carbohydrate-binding module (CBM) families, carboxyl esterase (CE)
families, glycosyl hydrolase (GH) enzyme families, glycosyl transferase
(GT) families, and polysaccharide lyase (PL) families, excluding the
genes not yet assigned to a family and genes encoding auxiliary
activities (Figure 9B; Supplementary Table S12). Due to our current
work on hydrolytic enzymes, we chose to focus our further analyses
on the GH family enzymes identified in the high-quality MAGs. These
MAGs contained genes from between 24 and 60 GH families. The
MAGs with the highest number of different GH family enzyme genes
were affiliated to Bacteroidota (MAG26 and MAG36), Cyanobacteriota
(MAG29), and Actinomycetota (MAGI and MAG65). GH families 2,
3,6, 19, 23, and 37 were found in all 25 MAGs, whereas more exclusive
families with only one or few known activities like, i.e., GH 50, 140,
141, and 165 were only identified in MAG26 affiliated to Bacteroidota.
This MAG had genes belonging to 60 different GH families, potentially
indicating a great potential for enzymatic hydrolysis of a range of
complex carbohydrates. Unfortunately, it was not possible to identify
the MAG below phylum-level based on the phylogenetic markers,
however this would be a great candidate for in vitro gene expression
and analyses of enzymatic activities.

Discussion
Biodiversity inside the ikaite columns

In this study, we show that the cold and alkaline ikaite columns
from the Ikka Fjord in SW Greenland contain a great diversity of
prokaryotic as well as eukaryotic microorganisms.

Despite previous efforts to apply a sequence-based approach to
describe the total microbial diversity of the ikaite columns (Stougaard
et al,, 2002; Schmidt et al., 2006a; Glaring et al., 2015), results have
been rather restricted due to either available sequencing technologies
or lack of high-quality DNA for sequencing, and only a single study
has previously used a 16S rRNA gene amplicon-based approach to
describe the prokaryotic diversity (Glaring et al., 2015). In that study,
the authors performed pyrosequencing on 16S rRNA genes in order
to further describe the bacterial diversity of the columns. However,
this was not separated into individual columns, but rather a pool of
samples from the interior of multiple ikaite columns and related to the
bacterial diversity on the surface of the column, the seawater
surrounding the columns, and sediment from the Ikka Fjord. As this
study showed that the interior of the ikaite columns, the surface of the
ikaite columns, the seawater, and sediments around the ikaite columns
contained very distinct prokaryotic populations (Glaring et al., 2015),
we chose to focus on comparison of the microbial diversity between
the interior of three individual ikaite columns. Another previous study
attempted to compare the microbiomes between different ikaite
columns (Schmidt et al., 2006a). This was carried out in 2006 using
terminal-restriction fragment length polymorphism (T-RFLP)
analysis of 16S rRNA gene fragments amplified from DNA isolated
from three individual ikaite columns. Despite the, by today’s standards,
low resolution of this approach, it showed that the three sampled ikaite
columns contained phylogenetically distinct microbial populations.
Based on a 16S rRNA gene clone library, it was possible to link the
T-RFLP to a few bacterial classes, dominated by Pseudomonadota.

In the current study, we compared the microbial biodiversity
inside three ikaite columns as well as comparing the indigenous
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column biodiversity to that of in vitro enrichment cultures from the
same column. No eukaryotes were identified in the enrichments, why
we in the following make the comparisons between the prokaryotic
communities alone. As shown in the VENN diagram, the metagenome
did not contain any unique sequences, whereas the enrichment
cultures had three unique sequences not identified in the ikaite
amplicons nor in the enrichment culture amplicons. The three unique
sequences belonged to three different phyla and were found in
substrates based on 100x diluted R2 medium, supplemented with
either glucose or olive oil, and only in very low numbers (0.015%—
0.03% relative abundance). Despite the low number of unique
sequences, this indicates that low-nutrient substrates are indeed
applicable when attempting to increase culturability of novel bacterial
taxa (Connon and Giovannoni, 2002; Imazaki and Kobori, 2010).

Amplicon sequencing of 16S rRNA genes in DNA isolated directly
from the ikaite columns showed that the dominating phyla were
Pseudomonadota (Gamma and Alpha), Bacteroidota, Bacillota,
Actinomycetota, and Cyanobacteriota. Especially Pseudomonadota
and Bacteroidota are often dominating in cold environments like sea
ice (de Sousa et al., 2019; Strong et al., 2021; Winder et al., 2023),
permafrost (Frey et al., 2016; Hu et al., 2016), and freshwater
ecosystems (Cameron etal., 2012; Cavaco et al,, 2019). Cyanobacteriota
are abundant in sea ice, but can also be found in, e.g., permafrost
samples (Frey et al., 2016; Hu et al.,, 2016) and cryoconite holes, where
they are the main primary producers (Anesio and Laybourn-Parry,
2012). A similar role may be relevant in the ikaite columns, where
cyanobacterial phycobiliproteins have been shown to be located at
certain distances from the surface of the columns corresponding to
the light penetration (Trampe et al., 2016, 2017).

Comparing the prokaryotic diversity in the enrichment culture
amplicons to the ikaite column amplicons and MAGs, the amplicons
contained a relatively large proportion of Burkholderiales and
Microtrichales, only seen in very low abundance in the enrichments,
and of Dethiobacterales, which were not found in the enrichments at
all. Dethiobacterales is an order consisting only of a single family,
Dethiobacteraceae, and the genus Dethiobacter, with only a single
characterized species, D. alkaliphilus, which is a haloalkaliphilic,
anaerobic sulfate reducer (Zavarzina et al., 2018; Sorokin and Merkel,
2022a,b). Since the species described is halotolerant, we assume that
we have a new strain within the genus or family, due to the low salinity
(0.9%) in the ikaite columns (Buchardt et al., 1997). But since
Dethiobacterales is not identified in our enrichment cultures, which
were incubated under aerobic conditions, we cannot conform this
theory from the current experimental data. Several other orders
containing anaerobic prokaryotes were identified from the ikaite
amplicons and the MAGs: Ectothiorhodospirales, Thiobacillus, and
Thiomicrospirales, which are part of the “purple photosynthetic”
bacterial group and are capable of oxidizing inorganic sulfur
compounds as energy sources, with Thiobacillus also able to use
ferrous iron as an energy source (Kuenen and Tuovinen, 1981; Lane
etal., 1985; Oren, 2014). Thioalkalivibrio is a group of haloalkaliphilic
sulfur-oxidizing bacteria that includes species able to oxidize
thiocyanate, a toxic compound found in industrial waste streams
(Berben et al., 2017). Anaerolineales is an order of obligate anaerobes
found in marine sediments or sludge (Yamada et al., 2006).
Thermoanaerobacterales is an order belonging to the phylum
Bacillota, and contain thermophilic, fermentative anaerobes capable
of hydrolyzing a range of plant polysaccharides (Bing et al., 2023).
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that besides anaerobic
dissimilatory sulfate-reduction, are capable of mercury methylation
(Gilmouretal,, 2011). And Clostridiales (re-classified as Eubacteriales)
is a diverse order within the Clostridia of obligate anaerobic, spore-
(Setlow  and 2023).  Only

Thermoanaerobacterales and Clostridiales have previously been

Desulfovibrionales contains species

forming  bacteria Doona,
identified in the ikaite columns (Glaring et al., 2015). We did expect
anaerobic sulfate reducers to be present in the ikaite columns due to a
distinct smell of sulfur in freshly sampled ikaite columns, and the
relative high abundance of particularly sulfate reducers show that this
must be an important metabolic process of the bacteria inside the
ikaite columns. Since our enrichments were incubated under aerobic
conditions, it corresponds well that they did not appear in the
enrichment amplicon sequences. We therefore suggest that future
enrichment studies from ikaite columns should include anaerobic
culture conditions to potentially promote these taxa.

Sequences affiliated to Deinococcales (Deinococcota) were
identified in the enrichments (all 10x and 100x diluted R2, except for
R2_100_lip) as well as in the ikaite amplicons and the metagenome.
They could be identified as belonging to the genus Truepera, which to
date only contains one classified species, Truepera radiovictrix. Further
three strains have been isolated (Albuquerque et al., 2005) and all
strains are characterized by optimal growth at around 50°C and pH
7.5-9.5 under aerobic conditions and being extremely tolerant of
ionizing radiation. So, since we find bacterial sequences assumably
affiliated with the genus Truepera inside the ikaite columns, these are
expected to be able to grow at lower temperatures but in a similar
pH-range as the type-strain, or potentially belong to another, but
closely related, genus with different growth characteristics.

The most the
Nitrosopumilales Woesearchaeales

abundant archaeal phyla were orders

(Crenarchaeota) and
(Nanoarchaeota). Nitrosopumilales contains only a few cultured
strains, mainly represented by marine, aerobic archaea (Qin et al,,
2017; Bayer et al, 2019; Nakagawa et al, 2021), whereas
Woesearchaeales has no officially classified members. They do seem,
however, to be widely distributed, mainly in anoxic environments (Liu
et al., 2018). But since the 16S sequences of the phylogenetically
closest relatives of the ikaite archaea belonged to uncultured species
and candidate genera, we are not able to speculate further in the
functions of the archaea from ikaite columns. The presence of five
archaeal phyla in the ikaite columns, despite being in relative low
abundance, underscores the uniqueness of this ecosystem and raises
questions about the functional roles of archaea under such extreme
conditions. The large diversity of microorganisms inside the ikaite
columns furthermore underlines the adaptability of a microbial
community to extreme conditions.

Statistical tests of the prokaryotic diversity inside the ikaite
columns demonstrated a microbial community composition
dependent on both a specific ikaite column and location inside the
column (Figure 4). The reason that column 3 middle and bottom
samples are more identical than the remaining samples could
be explained by the formation of the middle section, which was a
branch off from the main column formed by more recent
precipitation and perhaps therefore was more recently colonized by
microbes from the bottom section due to the constant flow of water
from the seabed. The clustering pattern could suggest that the
microbial communities within each column exhibit some level of
specialization based on their location from top to bottom within the
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column. This could be due to variations in environmental factors,
such as availability of light, oxygen, and nutrients (Trampe, 2016;
Trampe et al., 2016, 2017). The latter could be explained by our
findings of anaerobic bacteria and archaea primarily in the middle
and bottom sections of the columns. Also, as the relative abundance
of Pseudomonadota decreased from top to bottom while the relative
abundance of Bacillota increased, indicated a potential adaptation
of different bacterial groups to different conditions inside the
columns. Furthermore, it has previously been shown that ikaite
crystals are covered in exopolymeric material (Trampe et al., 2017),
which is likely contributing to a degree of local organization of
some microorganisms inside the columns, whereas others may
be free-living in the alkaline spring water resulting in a more
universal distribution.

The ikaite columns are formed by precipitation of calcium
carbonate due to mixing of seawater and alkaline spring water
(Buchardt et al., 2001). The columns collected in 2019 consisted of not
only ikaite, but to some extent also monohydrocalcite and aragonite,
which are less hydrated carbonate minerals than ikaite (Stockmann
et al., 2022). The age of the ikaite columns has been estimated to
approx. 600years (Tollefsen et al., 2019), and new material is still
precipitated due to continued flow of spring water (Stockmann et al.,
2022). Previous studies have analyzed the chemical composition of the
water inside the ikaite columns and of the surrounding seawater,
which showed that the conditions inside the columns are very distinct
from the seawater in both pH, salinity, temperature, alkalinity, and ion
composition (Buchardt et al., 2001; Stockmann et al., 2018). The
eukaryotic diversity inside the ikaite columns have only briefly been
investigated previously (Stougaard et al., 2002), where seven 18S
rRNA genes were isolated and sequenced. Those seven sequences
showed affiliation to Ascomycota, Annelida, Bacillariophyta
(Diatomea), Chlorophyta, Ciliophora, Dinophyceae (Dinoflagellata),
and Mesomycetozoa (re-classified as Ichthyosporea), which were all
identified in the current study.

Studies of eukaryotic microbial diversity in freshwater
environments are not as abundant as in marine environments but have
been carried out in, e.g., Arctic and Antarctic cryoconite holes
(Cameron et al., 2012; Jaarsma et al., 2023), Patagonian and Antarctic
lakes (Schiaffino et al., 2016), Lake Vostoc in the Antarctic (Gura and
Rogers, 2020) and ice-covered, freshwater lakes in Subarctic Russia
(Galachyants et al., 2023). The studies in general describe a rich
eukaryotic diversity, including Ciliophora (ciliates), Cryptophyceae
(flagellated algae), Dinophyceae (dinoflagellates), Bacillariophyceae
(diatoms), Basidio- and Ascomycota (fungi), and Chlorophyta (green
algae), which aligns well with our findings except that we, within the
fungi, find Cryptomycota in much higher abundance that the Basidio-
and Ascomycota.

Ikaite column 3 furthermore contained a large relative abundance
of Phragmoplastophyta of the order Magnoliophyta, which are
classified as angiosperms, or seed-producing plants. However, the
phylum Phragmoplastophyta contains Embryophytes (land plants) as
well as green algae closely related to land plants, including
Zygnematophyceae, Coleochaetophyceae, and Charophyceae. Some
of the 18S rRNA genes from the ikaite columns classified as belonging
to the Zygnematophyceae, whereas others classified as being more
closely related to land plants. As marine vascular plants do exist, this
may either be due to contamination of our samples or due to the
limited content of 18S rRNA databases.
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Using different substrates and different concentrations of nutrients
did make a difference in the cultured prokaryotic population. For
example, ranging from full-strength R2 over 10x diluted R2 to 100x
diluted R2 showed a unique relative abundance of bacterial orders for
each concentration, and three bacterial phyla were unique to the 100x
diluted R2 substrates. Complex substrates like olive oil and algal
polymers resulted in very distinct populations, also compared to the
R2-based substrates. In a related study, the same samples were plated
on R2-agar substrates containing the same range of carbohydrates.
This resulted in a very low diversity of cultured isolates, but did lead
to the discovery of a novel, amylase-producing bacterium, selected on
a diluted R2-agar substrate supplemented with amylose as sole carbon
source (Zervas et al., 2024; Bendtsen et al., n.d.).

Summarizing, this study of microbial diversity inside the ikaite
columns provides novel insights into the community structures and
microbial distribution inside the columns. These findings suggest that
the microbial communities, especially the prokaryotic community,
exhibit variations caused by different physical and/or chemical
conditions throughout the column structure. The presence of multiple,
yet-unclassified eukaryotic and prokaryotic microorganisms further
highlights that this environment is largely understudied and contains
a wide range of novel, uncharacterized microorganisms.

Potential microbial metabolic pathways in
the ikaite columns

The identification of multiple genes potentially involved in the
cycling of nitrogen, phosphorus, and sulfur within the HQ ikaite
MAGs provides valuable insights into the microbial processes
occurring in the ikaite columns. While this study did not look further
into a detailed analysis of metabolic pathways, the presence of these
genes and their known activities shows the potential biochemical
processes within this unique environment.

For nitrogen cycling, the presence of genes associated with
denitrification as well as nitrogen fixation suggests a dynamic nitrogen
metabolism within the columns. Additionally, genes involved in the
degradation of organic nitrogen further highlight the diversity of
nitrogen sources and the potential for organic nitrogen utilization by
microorganisms in this ecosystem.

In terms of phosphorus cycling, the identification of numerous
genes involved in phosphate transport, mineralization of organic
phosphorus, mineralization of phosphonates, solubilization of
inorganic phosphorus, and P-starvation response regulation indicates
a robust phosphorus metabolism within the ikaite columns. The
abundance of these genes suggests that microorganisms in this
environment are well-equipped to adapt to varying phosphorus
availability and efficiently utilize different phosphorus sources.

The most interesting find is the extensive presence of genes
involved in sulfur cycling, suggesting the importance of sulfur
utilization in the microbial community within the ikaite columns. The
identification of an intact Sox sulfur oxidation pathway, genes
associated with assimilatory sulfate reduction, and dissimilatory
sulfate reduction and oxidation pathways emphasizes the versatility of
sulfur metabolism in this environment. Furthermore, the presence of
genes related to amino acid metabolism, cycling of organic sulfur
compounds, methane metabolism, sulfonate utilization, and
modification of bacterial tRNAs highlights the multifaceted nature of
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sulfur cycling and its integration into various essential microbial
processes. The high abundance of sulfur cycling genes and the
presence of sulfur in the water inside the ikaite columns (Buchardt
et al,, 2001) suggests that sulfur plays a crucial role in the metabolic
strategies of microorganisms within the ikaite columns. This finding
leads us to propose that future research could explore the specific
contributions of sulfur metabolism to the overall microbial
community dynamics and ecosystem function in this unique and
extreme environment combined with more detailed measurements of
oxygen availability at multiple locations inside the columns. Overall,
the identified genetic repertoire provides a foundation for
understanding the potential ecological roles and metabolic capabilities
of microorganisms thriving in ikaite columns.

Biotechnological potential in the ikaite
columns

The potential of cold-active enzymes for industrial and
biotechnological purposes is significant and has resulted in an
increasing attention on enzyme discovery in low-temperature
environments for applications within, e.g., the pharmaceutical
industry, detergent industry, food industry, and within molecular
biology and research (Barocca et al., 2017).

A small selection of enzymes from the ikaite columns have
previously been identified and characterized from cultured bacterial
isolates and from metagenomic DNA (Schmidt et al., 2007, 2010,
2012; Schmidt and Stougaard, 2010; Vester et al., 2014; Lylloff et al.,
2016) including several papers in the pipeline (Bendtsen et al., n.d.;
Nowak et al.,, n.d;; Oliva et al., 2024). Common for these enzymes are
that they all have a high relative activity at low temperatures, and the
extracellular enzymes furthermore tolerate a high pH with activities
up to above pH 10. These results indicated that there would still be a
great potential for enzyme discovery in the ikaite columns. Therefore,
with the current study we chose to apply a metagenome sequence-
based approach on enzyme discovery.

The identification of carbohydrate-active enzymes within the
ikaite columns provides valuable insight into the potential and
ecological functions of microbial communities associated with these
unique mineral formations and showcased the diversity of enzymatic
activities dedicated to carbohydrate metabolism. Among the various
CAZyme categories, glycosyl hydrolases play an important role in
catalyzing the hydrolysis of glycosidic bonds in diverse substrates. The
identification of 97 different GH families within the 25 HQ MAGs
alone highlights the significance of these enzymes in the ikaite
microbiome. Among the most abundant GH families 1, 2, 3, 6, 13, 19,
23,28, 37,and 43, 72, 73, and 133, we find range of activities including
a-glucosidase, o/p-galactosidase, o/p-glucanase, p-xylanase,
cellobiohydrolase, glycosyltransferase, galacturonase, trehalase,
glucosaminidase, and transglucosidase, to mention a few. As a detailed
study of sequence similarities to know enzyme sequences is beyond
the scope of this paper, we will just conclude that the presence of
multiple CAZyme genes and the dominance of specific GH families
suggested a specialized and adapted enzymatic machinery that plays
a crucial role in the microbial ecology of the ikaite microorganisms.
Further investigations into the biochemical properties and ecological
roles of these enzymes will undoubtedly contribute to our
understanding of microbial community dynamics in extreme
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environments and may unlock novel biotechnological applications,
including biofuel production, bioremediation, and the food industry.

In conclusion, this study demonstrates the great diversity of
mainly uncharacterized prokaryotic and eukaryotic microorganisms
within the ikaite columns in the Ikka Fjord in SW Greenland. As the
majority of these microorganisms are expectedly adapted to life at
constant low temperature and high pH, the metagenome furthermore
shows a vastly untapped biotechnological potential of the resident
microbial communities for enzymatic applications where low
temperature or high pH is favorable.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

MT: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Supervision, Visualization, Writing - original draft. AZ: Data curation,
Formal analysis, Investigation, Methodology, Software, Visualization,
Writing - original draft. PS: Conceptualization, Supervision, Writing
- review & editing. LE-J: Data curation, Formal analysis, Investigation,
Methodology, Software, Visualization, Writing — original draft.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. The project was

References

Adbhikari, R., Singh, D., Chandravanshi, M., Dutta, A., and Kanaujia, S. P. (2017).
UgpB, a periplasmic component of the UgpABCE ATP-binding cassette transporter,
predominantly follows the sec translocation pathway. Meta Gene 13, 129-139. doi:
10.1016/j.mgene.2017.06.002

Aguayo, P,, Gonzalez, P,, Campos, V., Maugeri, T. L., Papale, M., Gugliandolo, C., et al.
(2017). Comparison of prokaryotic diversity in cold, oligotrophic Remote Lakes of
Chilean Patagonia. Curr. Microbiol. 74, 598-613. doi: 10.1007/500284-017-1209-y

Albers, C. N., Ellegaard-Jensen, L., Hansen, L. H., and Sorensen, S. R. (2018).
Bioaugmentation of rapid sand filters by microbiome priming with a nitrifying
consortium will optimize production of drinking water from groundwater. Water Res.
129, 1-10. doi: 10.1016/j.watres.2017.11.009

Albuquerque, L., Simdes, C., Nobre, M. E, Pino, N. M., Battista, ]. R, Silva, M. T,, et al.
(2005). Truepera radiovictrix gen. Nov., sp. nov., a new radiation resistant species and
the proposal of Trueperaceae fam. Nov. FEMS Microbiol. Lett. 247, 161-169. doi:
10.1016/j.femsle.2005.05.002

Anderson, M. J. (2001). A new method for nonparametric multivariate analysis of
variance. Austral Ecol. 26, 32-46. doi: 10.1111/§.1442-9993.2001.01070.pp.x

Anesio, A. M., and Laybourn-Parry, J. (2012). Glaciers and ice sheets as a biome.
Trends Ecol. Evol. 27,219-225. doi: 10.1016/j.tree.2011.09.012

Anwar, M. Z., Lanzen, A., Bang-Andreasen, T., and Jacobsen, C. S. (2019). To assemble
or not to resemble-a validated comparative Metatranscriptomics workflow (CoMW).
Gigascience 8:96. doi: 10.1093/gigascience/giz096

Barocca, M., Santos, G., Gerday, C., and Collins, T. (2017). “Biotechnological aspects
of cold-active enzymes” in Psychrophiles: From biodiversity to biotechnology. ed. R.
Margesin. 2nd ed (Cham, Switzerland: Springer International Publishing), 1-685.

Bayer, B., Vojvoda, J., Reinthaler, T., Reyes, C., Pinto, M., and Herndl, G. J. (2019).
Nitrosopumilus adriaticus sp. nov. and nitrosopumilus piranensis sp. nov., two

Frontiers in Microbiology

10.3389/fmicb.2024.1358787

funded by the Independent Research Fund Denmark (grant no.
0217-00052B).

Acknowledgments

The authors would like to thank Gabrielle Jarvik Stockmann, her
team, and not least the divers from the Joint Arctic Command (JACO)
for sampling the ikaite columns. We thank Tina Thane for her
excellent lab work during DNA extractions and library preps.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1358787/
full#supplementary-material

ammonia-oxidizing archaea from the adriatic sea and members of the class
nitrososphaeria. Int. J. Syst. Evol. Microbiol. 69, 1892-1902. doi: 10.1099/ijsem.0.003360

Bendtsen, M. K., Nowak, J. S., Hernandez, M. L., Paiva, P., Ferreira, P, Bisiak, F,, et al.
(n.d.). Cold-active starch degrading enzymes from a cold and alkaline environment
in Greenland.

Berben, T., Overmars, L., Sorokin, D. Y., and Muyzer, G. (2017). Comparative genome
analysis of three thiocyanate oxidizing Thioalkalivibrio species isolated from Soda Lakes.
Front. Microbiol. 8:254. doi: 10.3389/fmicb.2017.00254

Bertrand, D., Shaw, J., Kalathiyappan, M., Ng, A. H. Q,, Kumar, M. S, Li, C,, et al.
(2019). Hybrid metagenomic assembly enables high-resolution analysis of resistance
determinants and mobile elements in human microbiomes. Nat. Biotechnol. 37, 937-944.
doi: 10.1038/s41587-019-0191-2

Bing, R. G., Willard, D. J., Crosby, J. R., Adams, M. W. W,, and Kelly, R. M. (2023).
Whither the genus Caldicellulosiruptor and the order Thermoanaerobacterales:
phylogeny, taxonomy, ecology, and phenotype. Front. Microbiol. 14:1212538. doi:
10.3389/fmicb.2023.1212538

Bolyen, E., Rideout, J. R,, Dillon, M. R., Bokulich, N. A, Abnet, C. C., Al-Ghalith, G. A.,
etal. (2019). Reproducible, interactive, scalable and extensible microbiome data science
using QIIME 2. Nat. Biotechnol. 37, 852-857. doi: 10.1038/s41587-019-0209-9

Bruna, R. E., Kendra, C. G., and Pontes, M. H. (2023). Phosphorus starvation response
and phoB-independent utilization of organic phosphate sources by Salmonella enterica.
Microbiol Spectr 11:¢0226023. doi: 10.1128/spectrum.02260-23

Buchardt, B., Israelson, C., Seaman, P,, and Stockmann, G. (2001). Ikaite tufa towers
in Ikka Fjord, Southwest Greenland: their formation by mixing of seawater and alkaline
spring water. J. Sediment. Res. 71, 176-189. doi: 10.1306/042800710176

Buchardt, B., Seaman, P,, Stockmann, G., Vous, M., Wilken, U., Diiwel, L., et al. (1997).
Submarine columns of ikaite tufa. Nature 390, 129-130. doi: 10.1038/36474

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1358787
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1358787/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1358787/full#supplementary-material
https://doi.org/10.1016/j.mgene.2017.06.002
https://doi.org/10.1007/s00284-017-1209-y
https://doi.org/10.1016/j.watres.2017.11.009
https://doi.org/10.1016/j.femsle.2005.05.002
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1016/j.tree.2011.09.012
https://doi.org/10.1093/gigascience/giz096
https://doi.org/10.1099/ijsem.0.003360
https://doi.org/10.3389/fmicb.2017.00254
https://doi.org/10.1038/s41587-019-0191-2
https://doi.org/10.3389/fmicb.2023.1212538
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1128/spectrum.02260-23
https://doi.org/10.1306/042800710176
https://doi.org/10.1038/36474

Thegersen et al.

Callahan, B. J., McMurdie, P. ., Rosen, M. J., Han, A. W,, Johnson, A. J. A., and
Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon
data. Nat. Methods 13, 581-583. doi: 10.1038/nmeth.3869

Cameron, K. A., Hodson, A. J., and Osborn, A. M. (2012). Structure and diversity of
bacterial, eukaryotic and archaeal communities in glacial cryoconite holes from the
Arctic and the Antarcticc. FEMS Microbiol. Ecol. 82, 254-267. doi:
10.1111/j.1574-6941.2011.01277.x

Cavaco, M. A,, St Louis, V. L., Engel, K, St Pierre, K. A, Schiff, S. L., Stibal, M., et al.
(2019). Freshwater microbial community diversity in a rapidly changing high Arctic
watershed. FEMS Microbiol. Ecol. 95:161. doi: 10.1093/femsec/fiz161

Chen, J., and Strous, M. (2013). Denitrification and aerobic respiration, hybrid
electron transport chains and co-evolution. Biochim. Biophys. Acta 1827, 136-144. doi:
10.1016/j.bbabio.2012.10.002

Cheung, M. K,, Au, C. H,, Chu, K. H,, Kwan, H. S., and Wong, C. K. (2010).
Composition and genetic diversity of picoeukaryotes in subtropical coastal waters as
revealed by 454 pyrosequencing. ISME J. 4, 1053-1059. doi: 10.1038/isme;j.2010.26

Connon, S. A., and Giovannoni, S. J. (2002). High-throughput methods for culturing
microorganisms in very-low-nutrient media yield diverse new marine isolates. Appl.
Environ. Microbiol. 68, 3878-3885. doi: 10.1128/AEM.68.8.3878

Cruz-Ramos, H., Glaser, P., Wray, L. V. Jr., and Fisher, S. H. (1997). The Bacillus subtilis
ureABC operon. J. Bacteriol. 179, 3371-3373. doi: 10.1128/jb.179.10.3371-3373.1997

D'Angelo, T., Goordial, J., Lindsay, M. R., McGonigle, J., Booker, A., Moser, D, et al.
(2023). Replicated life-history patterns and subsurface origins of the bacterial sister
phyla Nitrospirota and Nitrospinota. ISME J. 17, 891-902. doi: 10.1038/
541396-023-01397-x

Das, S., Dash, H. R,, Mangwani, N., Chakraborty, J., and Kumari, S. (2014).
Understanding molecular identification and polyphasic taxonomic approaches for
genetic relatedness and phylogenetic relationships of microorganisms. J. Microbiol.
Methods 103, 80-100. doi: 10.1016/j.mimet.2014.05.013

de Sousa, A. G. G., Tomasino, M. P,, Duarte, P., Fernandez-Mendez, M., Assmy, P.,
Ribeiro, H., et al. (2019). Diversity and composition of pelagic prokaryotic and Protist
communities in a thin Arctic Sea-ice regime. Microb. Ecol. 78, 388-408. doi: 10.1007/
500248-018-01314-2

Debroas, D., Domaizon, 1., Humbert, J. E, Jardillier, L., Lepere, C., Oudart, A., et al.
(2017). Overview of freshwater microbial eukaryotes diversity: a first analysis of publicly
available metabarcoding data. FEMS Microbiol. Ecol. 93:23. doi: 10.1093/femsec/fix023

diCenzo, G. C,, Sharthiya, H., Nanda, A., Zamani, M., and Finan, T. M. (2017). PhoU
allows rapid adaptation to high phosphate concentrations by modulating PstSCAB
transport rate in Sinorhizobium meliloti. J. Bacteriol. 199:17. doi: 10.1128/JB.00143-17

Dos Santos, P. C., Fang, Z., Mason, S. W,, Setubal, J. C., and Dixon, R. (2012).
Distribution of nitrogen fixation and nitrogenase-like sequences amongst microbial
genomes. BMC Genomics 13:162. doi: 10.1186/1471-2164-13-162

Drula, E., Garron, M. L., Dogan, S., Lombard, V., Henrissat, B., and Terrapon, N.
(2022). The carbohydrate-active enzyme database: functions and literature. Nucleic Acids
Res. 50, D571-D577. doi: 10.1093/nar/gkab1045

Feld, L., Nielsen, T. K., Hansen, L. H., Aamand, J., and Albers, C. N. (2016).
Establishment of bacterial herbicide degraders in a rapid sand filter for bioremediation
of Phenoxypropionate-polluted groundwater. Appl. Environ. Microbiol. 82, 878-887. doi:
10.1128/AEM.02600-15

Frey, B, Rime, T,, Phillips, M., Stierli, B., Hajdas, I., Widmer, E, et al. (2016). Microbial
diversity in European alpine permafrost and active layers. FEMS Microbiol. Ecol. 92:18.
doi: 10.1093/femsec/fiw018

Gai, Y., Li, L., Ma, H,, Riely, B. K,, Liu, B., and Li, H. (2021). The critical role of MetR/
MetB/MetC/MetX in cysteine and methionine metabolism, fungal development and
virulence of Alternaria alternata. Appl. Environ. Microbiol. 87:20. doi: 10.1128/
AEM.01911-20

Galachyants, Y., Zakharova, Y., Bashenkhaeva, M., Petrova, D., Kopyrina, L., and
Likhoshway, Y. (2023). Microeukaryotic communities of the long-term ice-covered
freshwater lakes in the subarctic region of Yakutia, Russia. Diversity 15:454. doi: 10.3390/
d15030454

Garcia-Echauri, S. A., Gidekel, M., Gutiérrez-Moraga, A., Santos, L., and de
Ledén-Rodriguez, A. (2011). Isolation and phylogenetic classification of culturable
psychrophilic prokaryotes from the Collins glacier in the Antarctica. Folia Microbiol. 56,
209-214. doi: 10.1007/s12223-011-0038-9

Gilmour, C. C., Elias, D. A., Kucken, A. M., Brown, S. D., Palumbo, A. V,, Schadt, C. W,,
etal. (2011). Sulfate-reducing bacterium Desulfovibrio desulfuricans ND132 as a model
for understanding bacterial mercury methylation. Appl. Environ. Microbiol. 77,
3938-3951. doi: 10.1128/AEM.02993-10

Glaring, M. A., Vester, J. K., Lylloff, J. E., Al-Soud, W. A., Serensen, S. J., and
Stougaard, P. (2015). Microbial diversity in a permanently cold and alkaline environment
in Greenland. PLoS One 10:e0124863. doi: 10.1371/journal.pone.0124863

Grabarczyk, D. B, and Berks, B. C. (2017). Intermediates in the sox sulfur oxidation
pathway are bound to a sulfane conjugate of the carrier protein SoxYZ. PLoS One
12:¢0173395. doi: 10.1371/journal.pone.0173395

Groudieva, T., Kambourova, M., Yusef, H., Royter, M., Grote, R., Trinks, H., et al.
(2004). Diversity and cold-active hydrolytic enzymes of culturable bacteria associated

Frontiers in Microbiology

17

10.3389/fmicb.2024.1358787

with Arctic Sea ice, Spitzbergen. Extremophiles 8, 475-488. doi: 10.1007/

500792-004-0409-0

Guo, W,, Zhang, H., Zhou, W,, Wang, Y., Zhou, H., and Chen, X. (2016). Sulfur
metabolism pathways in Sulfobacillus acidophilus TPY, a Gram-positive moderate
Thermoacidophile from a hydrothermal vent. Front. Microbiol. 7:1861. doi: 10.3389/
fmicb.2016.01861

Gura, C,, and Rogers, S. O. (2020). Metatranscriptomic and metagenomic analysis of
biological diversity in subglacial Lake Vostok (Antarctica). Biology 9:55. doi: 10.3390/
biology9030055

Hall, M., and Beiko, R. G. (2018). “16S rRNA gene analysis with QIIME2” in Methods
in molecular biology. eds. R. G. Beiko, W. Hsiao and J. Parkinson. Ist ed (New York:
Humana Press, New York, NY), 113-129.

Hansen, M. O., Buchardt, B, Kiihl, M., and Elberling, B. (2011). The fate of the
submarine ikaite tufa columns in Southwest Greenland under changing climate
conditions. J. Sediment. Res. 81, 553-561. doi: 10.2110/jsr.2011.50

Hansen, C. H., Krych, L., Nielsen, D. S., Vogensen, F. K., Hansen, L. H., Sorensen, S. J.,
etal. (2012). Early life treatment with vancomycin propagates Akkermansia muciniphila
and reduces diabetes incidence in the NOD mouse. Diabetologia 55, 2285-2294. doi:
10.1007/s00125-012-2564-7

Hu, W, Zhang, Q,, Tian, T,, Li, D., Cheng, G., Mu, J., et al. (2016). Characterization of
the prokaryotic diversity through a stratigraphic permafrost core profile from the
Qinghai-Tibet plateau. Extremophiles 20, 337-349. doi: 10.1007/500792-016-0825-y

Ikeuchi, Y., Shigi, N., Kato, J., Nishimura, A., and Suzuki, T. (2006). Mechanistic
insights into sulfur relay by multiple sulfur mediators involved in thiouridine
biosynthesis at tRNA wobble positions. Mol. Cell 21, 97-108. doi: 10.1016/j.
molcel.2005.11.001

Imazaki, I., and Kobori, Y. (2010). Improving the culturability of freshwater bacteria
using FW70, a low-nutrient solid medium amended with sodium pyruvate. Can. J.
Microbiol. 56, 333-341. doi: 10.1139/W10-019

Jaarsma, A. H., Sipes, K., Zervas, A., Jimenez, E C., Ellegaard-Jensen, L.,
Thogersen, M. S., et al. (2023). Exploring microbial diversity in Greenland ice sheet
supraglacial habitats through culturing-dependent and -independent approaches. FEMS
Microbiol. Ecol. 99:119. doi: 10.1093/femsec/fiad119

Kang, D. D, Li, E, Kirton, E., Thomas, A., Egan, R., An, H,, et al. (2019). MetaBAT 2:
an adaptive binning algorithm for robust and efficient genome reconstruction from
metagenome assemblies. Peer] 7:¢7359. doi: 10.7717/peerj.7359

Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment software
version 7: improvements in performance and usability. Mol. Biol. Evol. 30, 772-780. doi:
10.1093/molbev/mst010

Koch, D. ], Ruckert, C., Rey, D. A., Mix, A., Puhler, A., and Kalinowski, J. (2005). Role
of the ssu and seu genes of Corynebacterium glutamicum ATCC 13032 in utilization of
sulfonates and sulfonate esters as sulfur sources. Appl. Environ. Microbiol. 71, 6104-6114.
doi: 10.1128/AEM.71.10.6104-6114.2005

Kopylova, E., Noe, L., and Touzet, H. (2012). SortMeRNA: fast and accurate filtering
of ribosomal RNAs in metatranscriptomic data. Bioinformatics 28, 3211-3217. doi:
10.1093/bioinformatics/bts611

Kristiansen, J., and Kristiansen, A. (1999). A new species of Chroomonas
(Cryptophyceae) living inside the submarine ikaite columns in the Ikkafjord, Southwest
Greenland, with remarks on its ultrastructure and ecology. Nord. J. Bot. 19, 747-758.
doi: 10.1111/§.1756-1051.1999.tb00684.x

Kuenen, J. G., and Tuovinen, O. H. (1981). “The genera Thiobacillus and
Thiomicrospira” in The prokaryotes. eds. M. P. Starr, H. Stolp, H. G. Triper, A. Balows
and H. G. Schlegel (Berlin, Germany: Springer), 1023-1036.

Lane, D. ], Stahl, D. A., Olsen, G. J., Heller, D. J., and Pace, N. R. (1985). Phylogenetic
analysis of the genera Thiobacillus and Thiomicrospira by 55 rRNA sequences. J.
Bacteriol. 163, 75-81. doi: 10.1128/jb.163.1.75-81.1985

Lanzen, A., Jorgensen, S. L., Huson, D. H., Gorfer, M., Grindhaug, S. H., Jonassen, I.,
etal. (2012). CREST--classification resources for environmental sequence tags. PLoS One
7:¢49334. doi: 10.1371/journal.pone.0049334

Lidbury, I, Krober, E., Zhang, Z., Zhu, Y., Murrell, J. C,, Chen, Y,, et al. (2016). A
mechanism for bacterial transformation of dimethylsulfide to dimethylsulfoxide: a
missing link in the marine organic sulfur cycle. Environ. Microbiol. 18, 2754-2766. doi:
10.1111/1462-2920.13354

Liu, X, Li, M,, Castelle, C. J., Probst, A. J., Zhou, Z., Pan, J., et al. (2018). Insights into
the ecology, evolution, and metabolism of the widespread Woesearchaeotal lineages.
Microbiome 6, 102-117. doi: 10.1186/s40168-018-0488-2

Lylloff, J. E., Hansen, L. B. S., Jepsen, M., Sanggaard, K. W., Vester, J. K., Enghild, J. J.,
etal. (2016). Genomic and exoproteomic analyses of cold- and alkaline-adapted bacteria
reveal an abundance of secreted subtilisin-like proteases. J. Microbial. Biotechnol. 9,
245-256. doi: 10.1111/1751-7915.12343

Madigan, M. T. (2000). “Bacterial habitats in extreme environments” in Journey to
diverse microbial worlds. Cellular origin and life in extreme habitats. ed. J. Seckbach
(Dordrecht: Springer), 61-72.

McMurdie, P. J., and Holmes, S. (2013). Phyloseq: An R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One 8:¢61217. doi:
10.1371/journal.pone.0061217

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1358787
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1111/j.1574-6941.2011.01277.x
https://doi.org/10.1093/femsec/fiz161
https://doi.org/10.1016/j.bbabio.2012.10.002
https://doi.org/10.1038/ismej.2010.26
https://doi.org/10.1128/AEM.68.8.3878
https://doi.org/10.1128/jb.179.10.3371-3373.1997
https://doi.org/10.1038/s41396-023-01397-x
https://doi.org/10.1038/s41396-023-01397-x
https://doi.org/10.1016/j.mimet.2014.05.013
https://doi.org/10.1007/s00248-018-01314-2
https://doi.org/10.1007/s00248-018-01314-2
https://doi.org/10.1093/femsec/fix023
https://doi.org/10.1128/JB.00143-17
https://doi.org/10.1186/1471-2164-13-162
https://doi.org/10.1093/nar/gkab1045
https://doi.org/10.1128/AEM.02600-15
https://doi.org/10.1093/femsec/fiw018
https://doi.org/10.1128/AEM.01911-20
https://doi.org/10.1128/AEM.01911-20
https://doi.org/10.3390/d15030454
https://doi.org/10.3390/d15030454
https://doi.org/10.1007/s12223-011-0038-9
https://doi.org/10.1128/AEM.02993-10
https://doi.org/10.1371/journal.pone.0124863
https://doi.org/10.1371/journal.pone.0173395
https://doi.org/10.1007/s00792-004-0409-0
https://doi.org/10.1007/s00792-004-0409-0
https://doi.org/10.3389/fmicb.2016.01861
https://doi.org/10.3389/fmicb.2016.01861
https://doi.org/10.3390/biology9030055
https://doi.org/10.3390/biology9030055
https://doi.org/10.2110/jsr.2011.50
https://doi.org/10.1007/s00125-012-2564-7
https://doi.org/10.1007/s00792-016-0825-y
https://doi.org/10.1016/j.molcel.2005.11.001
https://doi.org/10.1016/j.molcel.2005.11.001
https://doi.org/10.1139/W10-019
https://doi.org/10.1093/femsec/fiad119
https://doi.org/10.7717/peerj.7359
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1128/AEM.71.10.6104-6114.2005
https://doi.org/10.1093/bioinformatics/bts611
https://doi.org/10.1111/j.1756-1051.1999.tb00684.x
https://doi.org/10.1128/jb.163.1.75-81.1985
https://doi.org/10.1371/journal.pone.0049334
https://doi.org/10.1111/1462-2920.13354
https://doi.org/10.1186/s40168-018-0488-2
https://doi.org/10.1111/1751-7915.12343
https://doi.org/10.1371/journal.pone.0061217

Thegersen et al.

Moreau, P. L. (2023). Regulation of phosphate starvation-specific responses in
Escherichia coli. Microbiology 169:1312. doi: 10.1099/mic.0.001312

Mourad, E. F, Sarhan, M. S., Daanaa, H. S. A.,, Abdou, M., Morsi, A. T,
Abdelfadeel, M. R,, et al. (2018). Plant materials are sustainable substrates supporting
new technologies of plant-only-based culture media for in vitro culturing of the plant
microbiota. Microbes Environ. 33, 40-49. doi: 10.1264/jsme2.ME17135

Nagar, S., Talwar, C., Motelica-Heino, M., Richnow, H. H., Shakarad, M., Lal, R,, et al.
(2022). Microbial ecology of sulfur biogeochemical cycling at a Mesothermal hot spring
atop northern Himalayas, India. Front. Microbiol. 13:848010. doi: 10.3389/
fmicb.2022.848010

Nakagawa, T., Koji, M., Hosoyama, A., Yamazoe, A., Tsuchiya, Y., Ueda, S., et al.
(2021). Nitrosopumilus zosterae sp. nov., an autotrophic ammonia-oxidizing archaeon
of phylum thaumarchaeota isolated from coastal eelgrass sediments of Japan. Int. J. Syst.
Evol. Microbiol. 71:4961. doi: 10.1099/ijsem.0.004961

Nichols, D., Cahoon, N., Trakhtenberg, E. M., Pham, L., Mehta, A., Belanger, A., et al.
(2010). Use of ichip for high-throughput in situ cultivation of "uncultivable" microbial
species. Appl. Environ. Microbiol. 76, 2445-2450. doi: 10.1128/ AEM.01754-09

Nowak, J. S., Kruuse, N., Rasmussen, H. @., Thegersen, M. S., Stougaard, P, and
Otzen, D. E. (n.d.). How to fold when it’s cold: molecular adaptations to cold temperatures
by a GH2 beta-galactosidase from the psychrophilic Alkalibacillus ikkensis

Oh, H. N, Park, D., Seong, H. ], Kim, D., and Sul, W. J. (2019). Antarctic tundra soil
metagenome as useful natural resources of cold-active lignocelluolytic enzymes. J.
Microbiol. 57, 865-873. doi: 10.1007/s12275-019-9217-1

Oliva, B., Zervas, A., Stougaard, P., Westh, P, and Thegersen, M. S. (2024).
Metagenomic exploration of cold-active enzymes for detergent applications:
Characterization of a novel, cold-active and alkali-stable GH8 endo-glucanase from ikaite
columns in SW Greenland.

Ono, K, Jung, M., Zhang, T, Tsutsuki, H., Sezaki, H., Thara, H., et al. (2017). Synthesis
of l-cysteine derivatives containing stable sulfur isotopes and application of this
synthesis to reactive sulfur metabolome. Free Radic. Biol. Med. 106, 69-79. doi:
10.1016/j.freeradbiomed.2017.02.023

Oren, A. (2014). “The family Ectothiorhodospiraceae” in The prokaryotes. eds. E.
Rosenberg, E. F. DeLong, S. Lory, E. Stackebrandt and F. Thompson (Berlin, Germany:
Springer), 199-222.

Parks, D. H., Imelfort, M., Skennerton, C. T., Hugenholtz, P, and Tyson, G. W. (2015).
CheckM: assessing the quality of microbial genomes recovered from isolates, single cells,
and metagenomes. Genome Res. 25, 1043-1055. doi: 10.1101/gr.186072.114

Peng, H., Xu, T., Wang, L., Yu, J., Chen, X., Cheng, X., et al. (2024). Effect of
Streptomyces JD211 application on soil physicochemical properties and N(2)O emission
characteristics of rice rhizosphere. Sci. Total Environ. 906:167673. doi: 10.1016/j.
scitotenv.2023.167673

Pi, H. W,, Lin, . J., Chen, C. A, Wang, P. H,, Chiang, Y. R,, Huang, C. C,, et al. (2022).
Origin and evolution of nitrogen fixation in prokaryotes. Mol. Biol. Evol. 39:181. doi:
10.1093/molbev/msac181

Price, M. N., Dehal, P. S, and Arkin, A. P. (2010). FastTree 2—approximately
maximum-likelihood trees for large alignments. PLoS One 5:490. doi: 10.1371/journal.
pone.0009490

Pronk, L. J. U, and Medema, M. H. (2022). Whokaryote: distinguishing eukaryotic
and prokaryotic contigs in metagenomes based on gene structure. Microb Genom 8:823.
doi: 10.1099/mgen.0.000823

Qin, W, Heal, K. R, Ramdasi, R.,, Kobelt, J. N., Martens-Habbena, W,
Bertagnolli, A. D., et al. (2017). Nitrosopumilus maritimus gen. Nov., sp. nov,
Nitrosopumilus cobalaminigenes sp. nov., Nitrosopumilus oxyclinae sp. nov., and
Nitrosopumilus ureiphilus sp. nov., four marine ammoniaoxidizing archaea of the
phylum thaumarchaeo. Int. J. Syst. Evol. Microbiol. 67, 5067-5079. doi: 10.1099/
ijsem.0.002416

Quast, C., Pruesse, E., Yilmaz, P, Gerken, J., Schweer, T., Glo, F. O., et al. (2013). The
SILVA ribosomal RNA gene database project: improved data processing and web-based
tools. Nucleic Acids Res. 41, D590-D596. doi: 10.1093/nar/gks1219

Rai, A., and Bhattacharjee, A. (2021). Molecular profiling of microbial community
structure and their CAZymes via metagenomics, from Tsomgo lake in the eastern
Himalayas. Arch. Microbiol. 203, 3135-3146. doi: 10.1007/s00203-021-02278-7

Rygaard, A. M., Thogersen, M. S., Nielsen, K. F, Gram, L., and Bentzon-Tilia, M.
(2017). Effects of gelling agent and extracellular signaling molecules on the culturability
of marine bacteria. Appl. Environ. Microbiol. 83:17. doi: 10.1128/ AEM.00243-17

Sathyanarayana Reddy, G., Chattopadhyay, M. K., and Shivaji, S. (2016). “Biodiversity,
adaptation and biotechnological importance of bacteria occurring in cold climates” in
Biotechnology of extremophiles, grand challenges in biology and biotechnology. vol 1. Eds.
P. Rampelotto (Cham: Springer), 47-81.

Scheel, M., Zervas, A., Rijkers, R., Tveit, A. T, Ekelund, E,, Campuzano Jimenez, E,
et al. (2023). Abrupt permafrost thaw triggers activity of copiotrophs and microbiome
predators. FEMS Microbiol. Ecol. 99:fiad123. doi: 10.1093/femsec/fiad123

Schiaffino, M. R,, Lara, E., Fernandez, L. D., Balague, V., Singer, D., Seppey, C. C., et al.
(2016). Microbial eukaryote communities exhibit robust biogeographical patterns along

a gradient of Patagonian and Antarctic lakes. Environ. Microbiol. 18, 5249-5264. doi:
10.1111/1462-2920.13566

Frontiers in Microbiology

10.3389/fmicb.2024.1358787

Schmidt, M., Larsen, D. M., and Stougaard, P. (2010). A lipase with broad temperature
range from an alkaliphilic gamma-proteobacterium isolated in Greenland. Environ.
Technol. 31, 1091-1100. doi: 10.1080/09593331003770289

Schmidt, M., Priemé, A., Johansen, A., and Stougaard, P. (2012). Alkalilactibacillus
ikkensis, gen. Nov., sp. nov., a novel enzyme-producing bacterium from a cold and
alkaline environment in Greenland. Extremophiles 16, 297-305. doi: 10.1007/
500792-012-0430-7

Schmidt, M., Priemé, A., and Stougaard, P. (2006a). Bacterial diversity in permanently
cold and alkaline ikaite columns from Greenland. Extremophiles 10, 551-562. doi:
10.1007/s00792-006-0529-9

Schmidt, M., Priemé, A., and Stougaard, P. (2006b). Rhodonellum psychrophilum gen.
Nov., sp. nov., a novel psychrophilic and alkaliphilic bacterium of the phylum
Bacteroidetes isolated from Greenland. Int. J. Syst. Evol. Microbiol. 56, 2887-2892. doi:
10.1099/ij5.0.64450-0

Schmidt, M., Priemé, A., and Stougaard, P. (2007). Arsukibacterium ikkense gen. Nov.,
sp. nov; a novel alkaliphilic, enzyme-producing gamma-Proteobacterium isolated from
a cold and alkaline environment in Greenland. Syst. Appl. Microbiol. 30, 197-201. doi:
10.1016/j.syapm.2006.05.003

Schmidt, M., and Stougaard, P. (2010). Identification, cloning and expression of a
cold-active B-galactosidase from a novel Arctic bacterium, Alkalilactibacillus ikkense.
Environ. Technol. 31, 1107-1114. doi: 10.1080/09593331003677872

Seaman, P., and Buchardt, B. (2006). The columns of ikaite tufa in Ikka
Fjord, Greenland. Monograph Greenland 44, 1-39. doi: 10.7146/moggeosci.
v44i.140293

Seaman, P, Sturkell, E., Gyllencreutz, R., Stockmann, G. J., and Geirsson, H. (2022).
New multibeam mapping of the unique Ikaite columns in Ikka Fjord, SW Greenland.
Mar. Geol. 444:106710. doi: 10.1016/j.margeo.2021.106710

Setlow, P, and Doona, C. J. (2023). “High pressure thermal sterilization technology
for bacterial spore inactivation and the production of sterile, ambient-stable, low-acid
foods” in High pressure thermal processing, Eds. K. Knoerzer, R. Sevenich (London,
United Kingdom: Academic Press) 41-53.

Seweryn, P, Van, L. B,, Kjeldgaard, M., Russo, C. J., Passmore, L. A., Hove-Jensen, B.,
etal. (2015). Structural insights into the bacterial carbon-phosphorus lyase machinery.
Nature 525, 68-72. doi: 10.1038/nature14683

Shi, X., Liu, W,, Xu, D., Hou, Y., Ren, B,, Jin, X,, et al. (2023). Metagenomics analysis
of ecosystem integrating methane and sulfide generation in urban sewer systems. J.
Clean. Prod. 382:135372. doi: 10.1016/j.jclepro.2022.135372

Siles, J. A., Starke, R., Martinovic, T., Parente Fernandes, M. L., Orgiazzi, A., and
Bastida, F. (2022). Distribution of phosphorus cycling genes across land uses and
microbial taxonomic groups based on metagenome and genome mining. Soil Biol.
Biochem. 174:108826. doi: 10.1016/j.s0ilbio.2022.108826

Singh, A. K., Kumari, M., Sharma, N., Rai, A. K., and Singh, S. P. (2022). Metagenomic
views on taxonomic and functional profiles of the Himalayan Tsomgo cold lake and
unveiling its deterzome potential. Curr. Genet. 68, 565-579. doi: 10.1007/
500294-022-01247-x

Serensen, M. V., and Kristensen, R. M. (2000). Marine Rotifera from Ikka Fjord, SW
Greenland. Bioscience 51, 1-46.

Sorokin, D. Y., and Merkel, A. Y. (2022a). “Dethiobacteraceae fam. Nov” in Bergey's
manual of systematics of Archaea and Bacteria. Eds. W. B. Whitman (Hoboken, New
Jersey: John Wiley & Sons, Inc)

Sorokin, D. Y., and Merkel, A. Y. (2022b). “Dethiobacterales Ord. Nov” in Bergey's
manual of systematics of Archaea and Bacteria

Sorokin, D. Y., van Pelt, S., Tourova, T. P,, and Evtushenko, L. I. (2009). Nitriliruptor
alkaliphilus gen. Nov., sp. nov., a deep-lineage haloalkaliphilic actinobacterium from
soda lakes capable of growth on aliphatic nitriles, and proposal of Nitriliruptoraceae
fam. Nov. and Nitriliruptorales Ord. Nov. Int. J. Syst. Evol. Microbiol. 59, 248-253. doi:
10.1099/ijs.0.002204-0

Sparacino-Watkins, C., Stolz, J. F, and Basu, P. (2014). Nitrate and periplasmic nitrate
reductases. Chem. Soc. Rev. 43, 676-706. doi: 10.1039/c3¢s60249d

Stackebrandt, E., and Otten, L. G. (2014). “The class Nitriliruptoria” in The prokaryotes.
eds. E. Rosenberg, E. E. DeLong, S. Lory, E. Stackebrandt and E. Thompson (Berlin,
Germany: Springer), 587-594.

Stewart, V., Lu, Y., and Darwin, A. J. (2002). Periplasmic nitrate reductase (NapABC
enzyme) supports anaerobic respiration by Escherichia coli K-12. J. Bacteriol. 184,
1314-1323. doi: 10.1128/JB.184.5.1314-1323.2002

Stingl, U., Cho, J. C., Foo, W,, Vergin, K. L., Lanoil, B., and Giovannoni, S. J. (2008).
Dilution-to-extinction culturing of psychrotolerant planktonic bacteria from
permanently ice-covered lakes in the McMurdo dry valleys, Antarctica. Microb. Ecol. 55,
395-405. doi: 10.1007/500248-007-9284-4

Stockmann, G. J., Ranta, E., Trampe, E., Sturkell, E., and Seaman, P. (2018). Carbon
mineral storage in seawater: Ikaite (CaCO3-6H20) columns in Greenland. Energy
Procedia 146, 59-67. doi: 10.1016/j.egypro.2018.07.009

Stockmann, G. J., Seaman, P, Balic-Zunic, T., Peternell, M., Sturkell, E., Liljebladh, B.,
etal. (2022). Mineral changes to the tufa columns of Ikka Fjord, SW Greenland. Fortschr.
Mineral. 12:430. doi: 10.3390/min12111430

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1358787
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1099/mic.0.001312
https://doi.org/10.1264/jsme2.ME17135
https://doi.org/10.3389/fmicb.2022.848010
https://doi.org/10.3389/fmicb.2022.848010
https://doi.org/10.1099/ijsem.0.004961
https://doi.org/10.1128/AEM.01754-09
https://doi.org/10.1007/s12275-019-9217-1
https://doi.org/10.1016/j.freeradbiomed.2017.02.023
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1016/j.scitotenv.2023.167673
https://doi.org/10.1016/j.scitotenv.2023.167673
https://doi.org/10.1093/molbev/msac181
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1099/mgen.0.000823
https://doi.org/10.1099/ijsem.0.002416
https://doi.org/10.1099/ijsem.0.002416
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1007/s00203-021-02278-7
https://doi.org/10.1128/AEM.00243-17
https://doi.org/10.1093/femsec/fiad123
https://doi.org/10.1111/1462-2920.13566
https://doi.org/10.1080/09593331003770289
https://doi.org/10.1007/s00792-012-0430-7
https://doi.org/10.1007/s00792-012-0430-7
https://doi.org/10.1007/s00792-006-0529-9
https://doi.org/10.1099/ijs.0.64450-0
https://doi.org/10.1016/j.syapm.2006.05.003
https://doi.org/10.1080/09593331003677872
https://doi.org/10.7146/moggeosci.v44i.140293
https://doi.org/10.7146/moggeosci.v44i.140293
https://doi.org/10.1016/j.margeo.2021.106710
https://doi.org/10.1038/nature14683
https://doi.org/10.1016/j.jclepro.2022.135372
https://doi.org/10.1016/j.soilbio.2022.108826
https://doi.org/10.1007/s00294-022-01247-x
https://doi.org/10.1007/s00294-022-01247-x
https://doi.org/10.1099/ijs.0.002204-0
https://doi.org/10.1039/c3cs60249d
https://doi.org/10.1128/JB.184.5.1314-1323.2002
https://doi.org/10.1007/s00248-007-9284-4
https://doi.org/10.1016/j.egypro.2018.07.009
https://doi.org/10.3390/min12111430

Thegersen et al.

Stougaard, P, Jorgensen, E, Johnsen, M. G., and Hansen, O. C. (2002). Microbial
diversity in ikaite tufa columns: an alkaline, cold ecological niche in Greenland. Environ.
Microbiol. 4, 487-493. doi: 10.1046/j.1462-2920.2002.00327.x

Strong, A. L., Mills, M. M., Huang, I. B., van Dijken, G. L., Driscoll, S. E., Berg, G. M.,
et al. (2021). Response of lower Sacramento River phytoplankton to high-ammonium
wastewater effluent. Elementa 9:40. doi: 10.1525/elementa.2021.040

Tanabe, T. S., and Dahl, C. (2022). HMS-S-S: a tool for the identification of Sulphur
metabolism-related genes and analysis of operon structures in genome and metagenome
assemblies. Mol. Ecol. Resour. 22, 2758-2774. doi: 10.1111/1755-0998.13642

Tebbe, D. A., Gruender, C., Dlugosch, L., Léhmus, K., Rolfes, S., Konneke, M., et al.
(2023). Microbial drivers of DMSO reduction and DMS-dependent methanogenesis in
saltmarsh sediments. ISME J. 17, 2340-2351. doi: 10.1038/s41396-023-01539-1

Thorbjern, L., and Petersen, G. H. (2003). The epifauna on the carbonate reefs in the
arctic  Ikka Fjord, SW  Greenland.  Ophelia 57, 177-201.  doi:
10.1080/00785236.2003.10409513

Tollefsen, E., Stockmann, G., Skelton, A., Lundqvist, L., and Sturkell, E. (2019).
Secondary alteration of the Grennedal-Ika igneous complex and the genesis of ikaite,
CaCO3-6H20, SW Greenland. Chem. Geol. 510, 18-30. doi: 10.1016/j.
chemgeo.2019.02.009

Trampe, E. (2016). Microenvironmental ecology of phototrophs from extreme
environments. Department of Biology, Faculty of Science, University of Copenhagen.

Trampe, E., Castenholz, R. W, Larsen, J. E. N., and Kiihl, M. (2017). Phototrophic
microbes form endolithic biofilms in ikaite tufa columns (SW Greenland). Environ.
Microbiol. 19, 4754-4770. doi: 10.1111/1462-2920.13940

Trampe, E. C. L, Larsen, J. E. N, Glaring, M. A., Stougaard, P, and Kiihl, M. (2016).
In situ dynamics of O2, pH, light, and photosynthesis in ikaite tufa columns (Ikka Fjord,
Greenland)-a unique microbial habitat. Front. Microbiol. 7, 1-13. doi: 10.3389/
fmicb.2016.00722

Tu, Q, Lin, L., Cheng, L., Deng, Y., and He, Z. (2019). NCycDB: a curated integrative
database for fast and accurate metagenomic profiling of nitrogen cycling genes.
Bioinformatics 35, 1040-1048. doi: 10.1093/bioinformatics/bty741

Uritskiy, G. V., DiRuggiero, J., and Taylor, J. (2018). MetaWRAP-a flexible pipeline for
genome-resolved metagenomic data analysis. Microbiome 6:158. doi: 10.1186/
540168-018-0541-1

van der Ploeg, J. R., Eichhorn, E., and Leisinger, T. (2001). Sulfonate-sulfur metabolism
and its regulation in Escherichia coli. Arch. Microbiol. 176, 1-8. doi: 10.1007/
5002030100298

Vazquez-Baeza, Y., Pirrung, M., Gonzalez, A., and Knight, R. (2013). EMPeror: a tool
for visualizing high-throughput microbial community data. GigaScience 2:16. doi:
10.1186/2047-217X-2-16

Vester, J. K., Glaring, M. A., and Stougaard, P. (2014). An exceptionally cold-adapted
alpha-amylase from a metagenomic library of a cold and alkaline environment. Appl.
Microbiol. Biotechnol. 99, 717-727. doi: 10.1007/s00253-014-5931-0

Voss, B., Bolhuis, H., Fewer, D. P, Kopf, M., Moke, E, Haas, F, et al. (2013). Insights
into the physiology and ecology of the brackish-water-adapted cyanobacterium
Nodularia spumigena CCY9414 based on a genome-transcriptome analysis. PLoS One
8:¢60224. doi: 10.1371/journal.pone.0060224

Frontiers in Microbiology

19

10.3389/fmicb.2024.1358787

Winder, J. C., Boulton, W,, Salamov, A., Eggers, S. L., Metfies, K., Moulton, V,, et al.
(2023). Genetic and structural diversity of prokaryotic ice-binding proteins from the
Central Arctic Ocean. Genes 14:363. doi: 10.3390/genes14020363

Wu, X,, Rensing, C., Han, D., Xiao, K.-Q,, Dai, Y., Tang, Z., et al. (2022). Genome-
resolved metagenomics reveals distinct phosphorus acquisition strategies between soil
microbiomes. mSystems 7:¢0110721. doi: 10.1128/msystems.01107-21

Wu, X., Spencer, S., Gushgari-Doyle, S., Yee, M. O., Voriskova, J., Li, Y., et al. (2020).
Culturing of “unculturable” subsurface microbes: natural organic carbon source fuels
the growth of diverse and distinct bacteria from groundwater. Front. Microbiol.
11:610001. doi: 10.3389/fmicb.2020.610001

Xiong, L., Jian, H., Zhang, Y., and Xiao, X. (2016). The two sets of DMSO respiratory
Systems of Shewanella piezotolerans WP3 are involved in Deep Sea environmental
adaptation. Front. Microbiol. 7:1418. doi: 10.3389/fmicb.2016.01418

Xue, Y., Lanzen, A., and Jonassen, L. (2020). Reconstructing ribosomal genes from
large scale total RNA meta-transcriptomic data. Bioinformatics 36, 3365-3371. doi:
10.1093/bioinformatics/btaal77

Yadav, K. K., Nimonkar, Y., Poddar, B. ], Kovale, L., Sagar, I, Shouche, Y., et al. (2022).
Two-dimensional cell separation: a high-throughput approach to enhance the
culturability of bacterial cells from environmental samples. Microbiol Spectr 10:22. doi:
10.1128/spectrum.00007-22

Yamada, T,, Sekiguchi, Y., Hanada, S., Imachi, H., Ohashi, A., Harada, H., et al. (2006).
Anaerolinea thermolimosa sp. nov., Levilinea saccharolytica gen. Nov., sp. nov. and
Leptolinea tardivitalis gen. Nov., sp. nov., novel filamentous anaerobes, and description
of the new classes Anaerolineae classis nov. and Caldilineae classis nov. in the bacterial
phylum Chloroflexi. Int. J. Syst. Evol. Microbiol. 56, 1331-1340. doi: 10.1099/ijs.0.64169-0

Yoon, H. S., Andersen, R. A., Boo, S. M., and Bhattacharya, D. (2009). “Stramenophiles”
in Encyclopedia of microbiology. ed. M. Schaechter. 3rd ed (Elsevier Inc), 721-731.

Yu, X., Zhou, J., Song, W., Xu, M., He, Q,, Peng, Y., et al. (2020). SCycDB: a curated
functional gene database for metagenomic profiling of Sulphur cycling pathways. Mol.
Ecol. Resour. 21, 924-940. doi: 10.1111/1755-0998.13306

Zakharova, Y., Bashenkhaeva, M., Galachyants, Y., Petrova, D., Tomberg, I.,
Marchenkov, A., et al. (2022). Variability of microbial communities in two long-term
ice-covered Freshwater Lakes in the subarctic region of Yakutia, Russia. Microb. Ecol. 84,
958-973. doi: 10.1007/s00248-021-01912-7

Zavarzina, D. G., Gavrilov, S. N., and Zhilina, T. N. (2018). Direct Fe(III) reduction
from synthetic ferrihydrite by haloalkaliphilic lithotrophic sulfidogens. Microbiology 87,
164-172. doi: 10.1134/S0026261718020170

Zeng, J., Tu, Q, Yu, X,, Qian, L., Wang, C., Shu, L., et al. (2022). PCycDB: a
comprehensive and accurate database for fast analysis of phosphorus cycling genes.
Microbiome 10:101. doi: 10.1186/540168-022-01292-1

Zervas, A., Stougaard, P, and Thogersen, M. S. (2024). Complete genome sequence of
“Bacillaceae sp. strain IKA-2": a cold-active, amylase-producing bacterium from ikaite
columns in SW Greenland. Appl Industr Microbiol 13:€0088723. doi: 10.1128/
mra.00887-23

Zhang, W., Bahadur, A., Sajjad, W.,, Zhang, G., Nasir, E, Zhang, B., et al. (2021).
Bacterial diversity and community composition distribution in cold-desert habitats of
Qinghai—Tibet plateau, China. Microorganisms 9, 1-17. doi: 10.3390/
microorganisms9020262

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1358787
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1046/j.1462-2920.2002.00327.x
https://doi.org/10.1525/elementa.2021.040
https://doi.org/10.1111/1755-0998.13642
https://doi.org/10.1038/s41396-023-01539-1
https://doi.org/10.1080/00785236.2003.10409513
https://doi.org/10.1016/j.chemgeo.2019.02.009
https://doi.org/10.1016/j.chemgeo.2019.02.009
https://doi.org/10.1111/1462-2920.13940
https://doi.org/10.3389/fmicb.2016.00722
https://doi.org/10.3389/fmicb.2016.00722
https://doi.org/10.1093/bioinformatics/bty741
https://doi.org/10.1186/s40168-018-0541-1
https://doi.org/10.1186/s40168-018-0541-1
https://doi.org/10.1007/s002030100298
https://doi.org/10.1007/s002030100298
https://doi.org/10.1186/2047-217X-2-16
https://doi.org/10.1007/s00253-014-5931-0
https://doi.org/10.1371/journal.pone.0060224
https://doi.org/10.3390/genes14020363
https://doi.org/10.1128/msystems.01107-21
https://doi.org/10.3389/fmicb.2020.610001
https://doi.org/10.3389/fmicb.2016.01418
https://doi.org/10.1093/bioinformatics/btaa177
https://doi.org/10.1128/spectrum.00007-22
https://doi.org/10.1099/ijs.0.64169-0
https://doi.org/10.1111/1755-0998.13306
https://doi.org/10.1007/s00248-021-01912-7
https://doi.org/10.1134/S0026261718020170
https://doi.org/10.1186/s40168-022-01292-1
https://doi.org/10.1128/mra.00887-23
https://doi.org/10.1128/mra.00887-23
https://doi.org/10.3390/microorganisms9020262
https://doi.org/10.3390/microorganisms9020262

	Investigating eukaryotic and prokaryotic diversity and functional potential in the cold and alkaline ikaite columns in Greenland
	Introduction
	Materials and methods
	Culture conditions for enrichment cultures
	DNA extraction and sequencing
	Bioinformatics analysis of the microbial community

	Results
	Prokaryotic diversity inside the ikaite columns
	Eukaryotic diversity inside the ikaite columns
	Microbial diversity of ikaite enrichment cultures
	Microbial diversity in the ikaite metagenome
	Ikaite MAGs
	Cycling of N, P, and S in the ikaite columns
	CAZy genes in MAGs from the ikaite metagenome

	Discussion
	Biodiversity inside the ikaite columns
	Potential microbial metabolic pathways in the ikaite columns
	Biotechnological potential in the ikaite columns

	Data availability statement
	Author contributions

	References

