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Supporting Information Text 
 
Study site and field sampling 
The Lagoon Pingo (N78°14’22 E015°45’16) is an open system pingo located in the outermost part 
of Adventdalen, Svalbard. The pingo is located at the shore, on the Northern side of Adventdalen 
river, separated (600 m) from tidal influence a lagoon (Moskuslagoon). The system is hypothesized 
to have originated as a marine pockmark [1], turned terrestrial due to isostatic uplift caused by 
glacial retreat. 
The system consists of several elevated mounds with craters tracing the inner edge of the 
Moskuslagoon. The groundwater spring, which is defined as the primary fluid source in this study, 
emerges from the northernmost crater named Lagoon Pingo East (LPE). The average groundwater 
discharge in LPE is 0.1-1 L.s-1 of brackish, oxygen-depleted water [1]. LPE is seasonally ice-
covered with an ice blister that reaches ca. 1 m thickness in winter, itself covered by snow. This ice 
blister creates hydrostatic pressure, i.e. the water outflows when the ice is cracked open. Freezing 
starts in late October, and the ice collapses in early June. 
 
Sampling was conducted on March 1st, 2021. At that time, the pingo was covered with an ice lid of 
1 m thickness and ca. 25 cm of snow. Seven snow samples were collected, after what the snow 
was ablated for ice core sampling. Three 14 cm-wide ice cores were collected at 2 m intervals, 
using a Mark V coring system (Kovacs) and were surface-decontaminated using 5% sodium 
hypochloride to prevent contamination from the corer or the surrounding environment. Cores were 
sliced on site into 10 cm sections using an ethanol-washed handsaw. Core 1 and core 3 were 
100 cm thick, core 2 was 110 cm thick. The 10 cm sections were vacuum packed on site using a 
food sealer. Snow and ice samples were melted back at UNIS facilities at room temperature and 
filtration was carried out as soon as the ice had completely melted. Each melted snow and ice 
volume was filtered on a 0.22 µm Sterivex unit (MF-Millipore Membrane, MA, USA), using a 
peristaltic pump. Three water samples were collected from the upper layer of the water reservoir, 
directly underlying the ice blister. Sterivex filters were stored in closed sterile tubes at -80°C until 
further processing and shipped back to UiT in dry ice (-74°C). 
The dissolved oxygen concentration (DO), oxidation-reduction potential (ORP), conductivity and 
pH of the water were determined immediately on site from a borehole whilst samples were being 
taken. The measurements used Hach Lange HQ40d multiparameter meters with a new, factory 
calibrated fluorescence detector (for O2, detection limit 0.1 mg/L) and gel electrode (for ORP and 
pH). 
 
DNA extraction, library preparation and sequencing 
Sterivex™ filters were cut open under a sterile, UV-cleaned bench in order to improve extraction 
yields [2]. The filter was cut into pieces and half of it was put into a Lysing Matrix E 2 mL tube (MP 
Biomedicals, California, USA). Total NA extraction was then conducted applying a 
phenol/chloroform isolation method (adapted after [3]). Lysing Matrix E tubes containing the 
samples were briefly thawed on ice and 500 µL of Phenol:Chloroform:Isoamylalcohol (25:24:1, pH 
8) solution and TNS extraction buffer (10% SDS, 500 mM TRIZMA, 100 mM NaCl, 0.1% DEPC) 
were added. The tubes were bead-beaten for 30 sec at 5.0 m.s-1 using an MP Biomedicals 
FastPrep-24 (California, USA), cooled with dry ice in the adaptor head. Samples were centrifuged 
at 13 000 g and 4°C for 10 minutes. The supernatant was transferred to a clean tube and extracted 
with one volume of Chloroform:Isoamylalcohol (24:1). Samples were inverted several times, 
centrifuged at 13 000 g and 4°C for 10 min, the supernatant collected to a clean tube and 
precipitated with two volumes of PEG precipitation solution (30% polyethylene glycol MW 7000-
9000, 1.6 M NaCl, 0.1% DEPC) and 0.003 volume of glycogen (Invitrogen by ThermoFischer, 5 
mg/mL, final concentration 0.015 mg/mL). Samples were inverted several times, left for 
precipitation on ice for 1 h and centrifuged at 13 000 g and 4°C for 1 h. The TNA pellet was washed 
twice with 1 mL of ice-cold 70% ethanol, dried for 3 min at 55°C and eluted with 50 µL of DEPC-
treated water and 0.5 µL RNase inhibitor (Invitrogen by ThermoFischer). 
TNA extracts were sent to IMGM Laboratories GmbH (Planegg, Germany) for amplification and 
sequencing of a ca. 411 bp fragment in the V4-V5 region of the 16S rRNA gene, using primers 
515F-Y (5’-GTGYCAGCMGCCGCGGTAA) and 926R (5’-CCGYCAATTYMTTTRAGTTT) [4]. 
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cDNA libraries of the same region of the 16S rRNA gene were obtained from an additional RT-PCR 
step. Sequencing was performed on a MiSeq sequencing system (Illumina) with 2x300 bp paired-
end reads chemistry. 
 
Sequence bioinformatic processing 
DADA2 [5] implemented in Qiime2 (v2021.8.0) was used to filter, merge, denoise and remove 
chimeric sequences of raw 16S amplicon reads with truncation length of 270 (forward) and 210 
(reverse) bp. The average percentage of input reads retained per sample after this pipeline was 
54.6% for cDNA and 67.0% for DNA. Taxonomy of the resulting inferred ASVs was assigned using 
Mothur (v1.43.0) [6] with the version 138 of the SILVA nonredundant SSU database [7]. ASVs 
assigned to Eukaryota, mitochondria, chloroplasts or whose taxonomy was not assigned at the 
domain level were removed prior to analysis. This step further removed 0.89% of cDNA and 2,26% 
of DNA retained ASVs. Sequences present in the target-specific no-target control sample 
conducted during the PCR amplification process were identified as contaminant and substracted 
from the ASV table. After those steps, 19 338 (14 534) ASVs were left in 41 DNA (cDNA) samples, 
with a range of 39 255 (533) to 197 705 (178 379) sequences per sample. DNA and cDNA datasets 
were rarefied to a depth of 39 255 (24 241) sequences, leaving 18 637 (12 231) ASVs in 41 (37) 
samples respectively. A dataset rarefied to a depth of 24 241 sequences per sample was generated 
to compare DNA and cDNA datasets in diversity analyses. 
 
Quantitative Polymerase Chain Reaction (qPCR) analysis 
The abundance of 16S rRNA gene from Bacteria was estimated using quantitative PCR (qPCR) 
with the primers BACT1369F (CGGTGAATACGTTCYCGG) and PROK1492R 
(GGWTACCTTGTTACGACTT) [8]. The quantification was performed in triplicates, using different 
DNA concentrations to compensate for PCR inhibition. Amplification reactions were carried in a 
CFX96™ Real-Time system (Bio-Rad Laboratories, Hercules, CA, USA), in a final volume of 20 µL 
using Sso Fast™ EvaGreen® Supermix (Bio-Rad Laboratories, Hercules, CA, USA). qPCR 
conditions were as follow: 40 cycles of denaturation at 94°C for 25 sec, annealing at 56°C for 20 
sec, elongation at 72°C for 45 sec, and fluorescence was measured at 82°C for 10 sec. Standard 
curves were built from dilution series of genomic DNA from Methylobacter tundripaludum SV96T, 
with concentrations ranging from 102 to 106 copy.µL-1 and quantified in triplicates. R2 were between 
0.997 and 0.999, and efficiencies between 99.5% and 110.4%. qPCR results were expressed as 
16S rRNA gene copy per milliliter of water or melted ice. 
 
Statistical analyses 
Ice samples were examined based on their depth (bottom core versus rest of the core) building on 
previous knowledge [9] and on preliminary exploration of the taxonomic composition of the ice core 
microbial communities. Bottom core samples were defined as ice core samples where 
Sulfurimonas became the dominant genus in relative abundance. This corresponded to the last 20 
cm of the cores, except for Core 1, in which Sulfurimonas only dominated the last 10 cm section.  
All analyses were performed in R (v4.2.2) [10]. Alpha diversity indices were estimated on rarefied 
datasets, using the estimate_Richness function in phyloseq (v.1.38.0) [11]. Mean differences of 
alpha diversity index estimates between groups were tested using Kruskal-Wallis test and pairwise 
differences were tested using the post hoc Dunn’s test on KW test output (false discovery rate 
corrected P values), accounting for non-gaussian and non-homoscedastic data. Observed number 
of ASVs are available as Supplementary Figure 4. 
Ordinations were performed using the vegan package in R (v.2.5-7) [12]. Principal Component 
Analysis (PCA) was computed on Hellinger-transformed rarefied matrices [13]. Multivariate 
homogeneity of group dispersions was tested using betadisper. To further test for differences in 
community structure (beta diversity), Permutational Multivariate Analysis of Variance 
(PERMANOVA) [14] was performed using the adonis function in vegan and the Bray-Curtis 
distance. Pairwise differences were tested using the method implemented in the pairwiseAdonis 
package (v.0.4) [15]. 64% of the variation within the DNA dataset was attributed to the 
environments (snow, ice core, bottom core, water) (PERMANOVA R2 = 0.64, P value < 0.001, all 
pairwise comparisons significant). 66% of variation was explained by the same groups in the cDNA 
dataset (PERMANOVA R2 = 0.66, P value < 0.001, all pairwise comparisons significant).  
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Correlations between ANME-1a or ANME-2a-2b and SEEP-SRB1 were computed using Spearman 
rank test, only considering ice core and water samples for ecological relevance. Spearman’s 
correlations between ANME-1a and SEEP-SRB1 were significant (𝜌	= 0.37, P value < 0.05 for DNA 
and 𝜌	= 0.65, P value <0 .0005 for cDNA), correlations were not significant for ANME-2a-2b and 
SEEP-SRB1.  
All plots were made using ggplot2 in R (v.3.3.6) [16]. 
 
Taxonomic composition and phylogenetic placement of ASVs 
Taxonomic composition is reported as relative abundances (relative to the sample total sequence 
abundance). For community overview, the most abundant ASVs (n = 20) are represented with their 
higher taxonomic level affiliation. Sequences reported as chloroplasts in Figure 1C were retrieved 
prior to any rarefaction.  
To support taxonomic affiliation of ASVs using Mothur, we performed phylogenetic placement of 
ASVs of interest (ASV_1 and ASV_9 affiliated to the genus Sulfurimonas and ASV_2 affiliated to 
Thiomicrorhabdus). Reference sequences from 16S rRNA gene nucleic acid sequences were 
retrieved from GenBank, IMG/M and LPSN, favoring longer sequences above amplicons. 
Sequences were aligned using MAFFT (v.7.490) with the L-INS-i algorithm [17, 18] and the 
reference alignment was trimmed with TrimAl (v.1.4.1) [19], using option for automatic detection of 
optimal thresholds based on gap scores. The best nucleotide substitution model was chosen using 
Model Finder [20] implemented in IQ-TREE (v.2.2.0) [21], and the model yielding the lowest 
Bayesian Information Criterion was chosen. For ASV_1 and ASV_9, the unrooted reference tree 
was computed with the TMVe+R3 model with free rate with three categories and equal base 
frequencies. The reference alignment had 1335 bp. Bootstrap values were computed based on 
1000 repetitions using the UFBootstrap algorithm [21, 22]. For ASV_2, unrooted reference tree was 
computed with the GTR+F+I+G4 model with gamma shape alpha=0.264. Proportion of invariant 
sites: 49%. The reference alignment included 1399 bp. Unrooted maximum likelihood reference 
trees were computed as the consensus tree after 1000 bootstrap repetitions, using the ultrafast 
bootstrap method implemented in IQ-TREE [21, 22]. ASV sequences of interest were aligned to 
the reference alignment using MAFFT with the --addfragments option [23], and were placed on the 
reference tree using IQ-TREE with the reference tree as constraint. Visualization of the final tree 
was done after midpoint rooting using iTOL (v5) [24]. Likelihood Weight Ratios of phylogenetic 
placements were computed using EPA-ng [25] (Supplementary Table 1). 
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Supporting Figures  
 

 
 

Supplementary Figure 1. Drone image of the Lagoon Pingo during ice core sampling in 2021. The 
white arrows indicate two boreholes drilled on the main ice blister under which the groundwater 
seeps.   

5 m
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Supplementary Figure 2. Picture of the surface of an ice section originating from an ice core 
sampled from the ice shell of Lagoon Pingo in February 2024. 
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Supplementary Figure 3. Concentration of the 16S rRNA gene per sample, as quantified with 
quantitative PCR. The values represent the mean of the logarithm of the number of 16S rRNA gene 
number per mL of melted ice, snow, or water for triplicates. Error bars represent the standard 
deviation of the same statistic.  
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Supplementary Figure 4. Observed ASV numbers in the four environments described in main 
Figure 1 and in Statistical Analysis of this SI. Letters indicate groups of significance (FDR-corrected 
P value < 0.05) representing Dunn’s test output after Kruskal-Wallis significant tests. 
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Supplementary Figure 5. Relative abundances of the phylum Cyanobacteria within the ice cores 
and the water reservoir. The 10 most abundant ASVs among Cyanobacteria are shown at the 
genus level for the cDNA (A) and DNA (B) datasets. The other ASVs belonging to the phylum 
Cyanobacteria are shown as “Other cyanobacteria”. The x axis indicates the depth of the ice (cm) 
relative to the water-ice interface (0 cm). 
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Supplementary Figure 6. (A) SEEP-SRB1 cDNA/DNA discrepancy as the ratio of cDNA to DNA 
relative abundances of ASVs affiliated to SEEP-SRB1 at the genus level. (B) SOB cDNA/DNA 
discrepancy as the ratio of cDNA to DNA relative abundances of ASV_1, ASV_2 and ASV_9 
affiliated to the genera Sulfurimonas and Thiomicrorhabdus. The dashed line represents a ratio of 
1 interpreted as no discrepancy. The x axis indicates the depth of the ice (cm) relative to the water-
ice interface (0 cm). Numbers above each group of bars indicate the mean relative abundance 
(DNA) within the corresponding depth. 
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Supplementary Figure 7. Phylogenetic placement of the three ASVs affiliated to the sulfur 
oxidizing genera Sulfurimonas and Thiomicrorhabdus. ASVs were placed on a constraint tree 
topology using IQ-TREE. The tree was built with reference sequences of 16S rRNA gene 
sequences retrieved from LPSN, IMG/ER and GenBank. Long sequences were preferred over 
amplicons to construct the constraint tree. The final tree was rooted to midpoint for visualization. 
(A) Phylogenetic placement of ASVs affiliated to the genus Sulfurimonas (ASV_1 and ASV_9). The 
unrooted reference tree was computed with the TMVe+R3 model with free rate with three 
categories and equal base frequencies. The reference alignment had 1335 bp. Bootstrap values 
were computed based on 1000 repetitions. Only bootstrap values over 50% are represented. 
Numbers in parentheses refer to 16S rRNA gene sequence accession number from LPSN. The 
phylogenetic placement of Sulfurimonas ASVs was not conclusive. Likelihood Weight Ratios 
computed using EPA-ng [25] are available in Supplementary Table 1. (B) Phylogenetic placement 
for the ASV affiliated to the genus Thiomicrorhabdus (ASV_2). The unrooted reference tree was 
computed with the GTR+F+I+G4 model with gamma shape alpha = 0.264. Proportion of invariant 
sites: 49%. The reference alignment included 1399 bp. Numbers in parentheses refer to 16S rRNA 
gene sequence accession number from GenBank (beginning with NR_), LPSN (one sequence 
numbers), or IMG/ER (long/containing underscores). Scale bars: nucleotide substitutions per site. 
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Supplementary Figure 8. Spearman correlation plots between relative abundances of SEEP-
SRB1 and (A) ANME 1a and (B) ANME 2a-2b. Colors indicate the sample’s environment and 
shapes the dataset (cDNA or DNA). For visualization purposes the black lines depict linear models 
of the regressions with a 95% confidence interval (grey area). Correlations were tested using 
Spearman’s rank test, after verifying that the data are not normally distributed. Labels give 
Spearman’s rho and the associated test P value. ns: not significant (P value > 0.1).  
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Supporting Tables 
 
Supplementary Table 1. EPA-ng results for ASVs affiliated to the genera Sulfurimonas (ASV_1 
and ASV_9) and Thiomicrorhabdus (ASV_2). 
 

ASV Likelihood Likelihood Weight Ratio Distal length Pendant length Node 
ASV_2 -1653,4 0,994 0,000 0,016 19 
ASV_1 -1992,1 0,019 0,073 0,110 10 
ASV_1 -1989,3 0,326 0,032 0,099 35 
ASV_1 -1989,3 0,326 0,084 0,099 36 
ASV_1 -1989,3 0,327 0,000 0,099 34 
ASV_9 -1981,1 0,085 0,089 0,087 10 
ASV_9 -1979,9 0,269 0,032 0,084 35 
ASV_9 -1979,1 0,597 0,036 0,105 34 
ASV_9 -1981,6 0,047 0,007 0,086 33 
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