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Supplementary Notes

Supplementary Note 1. Estimations of carbon fixation under the RIS, from the measured 

ammonium concentrations in the ice basal boundary layer (IBL).

The rate of ammonium oxidation at each depth was calculated based on the measured 

ammonium concentrations, and the specific nitrification rate (λnitrif, the daily rate of ammonium 

oxidation divided by the corresponding ammonium concentration). As a representative value, we

used the world median λnitrif, 0.195 d-1 (1). The calculated ammonium oxidation rates are listed in

the table below (column 4).

Water column
zones

Depth

(m)

NH4
+

(µM)

NH4
+ oxidation

(µM NH4
+ d-1)

Substrate use efficiency
(C fixation/NH4

+

oxidation)

AOA-fueled C fixation
(µM C m-3 d-1)

IBL 30 0.44 0.09 0.09 8.1

V-IL 180 0.05 0.01 0.09 0.9

S-IL 330 0.04 0.01 0.09 0.9

The resulting ammonium oxidation values in the IBL (90 nM NH4
+ d-1) are in accordance to 

rates measured in Southern Ocean waters with comparable ammonium concentrations (e.g., 

AASW with mean 0.7 µM NH4
+ support a mean ammonium oxidation of 62 nM NH4

+ d-1 (2). 

Unfortunately, no carbon fixation rates were provided in the cited study.

The conversion to carbon fixation was then calculated based on experimentally defined 

substrate use efficiency. At a value of 0.09 mol C fixed per mol NH4
+ (3), the community in the 

IBL has the capacity to fix up to 8.1 µmol C m-3 d-1. This is a value very close to that measured 

by Horrigan and colleagues (4) beneath the J9 borehole (8.3 µmol C m-3 d-1) and is a value in 

accordance to the total carbon demand under the Ross Ice Shelf (6-12 µmol C m-3 d-1), estimated 

in this study from heterotrophic production rates (Table 1).
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The above calculations have not considered the second step of nitrification (i.e., nitrite 

oxidation), and thus a fraction of ammonium-fuelled autotrophy is not accounted for. It should 

also be noted that these calculations are based on carbon use efficiencies of optimally growing 

ammonia oxidizing archaeal cultures, and thus should be interpreted as an upper end for 

autotrophy fuelled by ammonium oxidizing archaea. Even if a rough consideration, they 

suggest that the measured ammonium concentrations can realistically support a significant 

fraction of the total dark carbon fixation in the oceanic cavity under the Ross Ice Shelf. As a 

comparison to existing environmental measurements, the ammonium concentration measured 

at 200m beneath borehole J9, (the depth from where the C-fixation rates were detected (4) was 

of ~0.7 µM (slightly higher, but in the range of what this study recorded: 0.4 µM, Table 1).

Supplementary Note 2. Shifts in community composition and activity with depth

Indicator species analysis on the amplicon data revealed that several species belonging to the 

phyla differentially enriched under the Ross Ice Shelf, including phyla Chloroflexota, 

Myxococcota, and Planctomycetota were also signature species of the mid water column (180 m 

and 330 m), while members of the phyla Marinisomatota and the genus Nitrosopumilus were 

identified as an indicator species of the basal layer beneath the ice (Indval, p = 0.019 – 0.043, test

statistic > 0.5; Supplementary Data 1).

A similar trend was observed in the relative abundance and transcriptional activity of 

reconstructed genomes from dominant taxa (Supplementary Figures 4 & 5). In particular, the 

relative abundance of the genus Nitrosopumilus was higher at 30 m, correlating with the highest 

ammonium concentrations measured in the water column. On the other hand, the relative 

abundance of heterotrophic taxa (e.g., Planctomycetota, Dehalococcoidia, Verrucomicrobiota) 

was higher in the deeper samples. Consistent with the increased relative abundance of these 

phyla at deeper depths, the relative abundance and transcription of CAZyme-encoding genes 

were also higher in deeper waters (Figure 4). These observations suggest that the most active 

and abundant community members in the cavity beneath the Ross Ice Shelf shift from from 

nitrifying autotrophic taxa at 30 m depth to organoheterotrophic bacteria at 180 and 330 m depth.

We propose that our observations reflect the influence of increased ammonium concentrations 

beneath the ice basal layer. However, the resolution of the depth sampling is not sufficient to 

confirm this transition. This reflects we prioritized a sampling strategy that would ensure 
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minimum disturbance and contamination, at the cost of being time-intensive and preventing 

additional sampling depths. Further work is encouraged to further explore the presence and 

persistence of ammonium concentration gradients inside ice shelf cavities, and their correlation 

with the composition and activity of below shelf microbial communities.
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Supplementary Methods

Single cell genomics. Triplicate seawater samples (1 mL each) were transferred to sterile 

cryovials containing 100 µL of glyTE (20 mL of 100 × TE buffer pH 8.0, 60 mL Milli-Q water 

and 100 mL of molecular-grade glycerol) and stored at -80 °C. They were shipped on dry ice for 

analyses at the Bigelow Laboratory for Ocean Sciences’ Single Cell Genomic Center (SCGC). 

After thawing, seawater samples were incubated with the SYTO-9 DNA stain (5 µM; Thermo

Fisher Scientific) for 10-60 min. Fluorescence-activated cell sorting (FACS) was performed 

using a BD InFlux Mariner flow cytometer equipped with a 488 nm laser for excitation and a 70 

μm nozzle orifice (Becton Dickinson, formerly Cytopeia). The cytometer was triggered on side 

scatter, and the “single-1 drop” mode was used for maximal sort purity. Sort gate was defined 

based on particle green fluorescence (proxy to nucleic acid content), light side scatter (proxy to 

size), and the ratio of green versus red fluorescence (for improved discrimination of cells from 

detrital particles). Cells were deposited into 384-well microplates containing 600 nL per well of 

1x TE buffer and stored at −80ºC until further processing. Of the 384 wells, 317 wells were 

dedicated for single cells, 64 wells were used as negative controls (no droplet deposition), and 3 

wells received 10 cells each to serve as positive controls. The accuracy of droplet deposition into

microplate wells was confirmed several times during each sort day, by sorting 3.46 µm diameter 

SPHERO Rainbow Fluorescent Particles (Sperotech Inc.) and microscopically examining their 

presence at the bottom of each well. In these examinations, <2% wells did not contain beads and 

<0.4% wells contained more than one bead. Index sort data was collected using the BD FACS 

Sortware software. The following laboratory cultures were used in the development of a cell 

diameter equivalent calibration curve: Prochlorococcus marinus CCMP 2389, Microbacterium 

sp., Pelagibacter ubique HTCC1062, and Synechococcus CCMP 2515. Average cell diameters 

of these cultures were determined using Mulitisizer 4e (Beckman Coulter). Average light 

forward scatter of each of the four cultures was determined using the same BD InFlux Mariner 

settings as in environmental sample sorting and was repeated each day of single cell sorting. We 

observed a strong correlation between cell diameters and light forward scatter (FSC) among 

these cultures (5). Taking advantage of this correlation, the diameter equivalent of the sorted 

environmental cells (D) was estimated from a log-linear regression model: 
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D = 10^(a * log10(FSC) - b), 

where a and b are empirically derived regression coefficients (5).

Prior to genomic DNA amplification, cells were lysed and their DNA was denatured by five 

freeze-thaw cycles, the addition of 700 nL of a lysis buffer consisting of 0.4 M KOH, 10 mM 

EDTA and 100 mM dithiothreitol, and a subsequent 10-minute incubation at 20ºC. The lysis was

terminated by the addition of 700 nL of 1 M Tris-HCl, pH 4. Single cell whole genome 

amplification was performed using WGA-X (5). Briefly, the 10 µL WGA-X reactions contained 

0.2 U µL-1 Equiphi29 polymerase (Thermo Fisher Scientific), 1x Equiphi29 reaction buffer 

(Thermo Fisher Scientific), 0.4 µM each dNTP (New England BioLabs), 10 µM dithiothreitol 

(Thermo Fisher Scientific), 40 µM random heptamers with two 3'-terminal phosphorothioated 

nucleotide bonds (Integrated DNA Technologies), and 1 μM SYTO-9 (Thermo Fisher Scientific)

(all final concentrations). These reactions were performed at 45ºC for 12-16 h, then inactivated 

by a 15 min incubation at 75°C. In order to prevent WGA-X reactions from contamination with 

non-target DNA, all cell lysis and DNA amplification reagents were treated with UV in a 

Stratalinker (Stratagene)(6). An empirical optimization of the UV exposure was performed in 

order to determine the length of UV exposure that is necessary to cross-link all detectable 

contaminants without inactivating the reaction. Cell sorting, lysis and WGA-X setup were 

performed in a HEPA-filtered environment conforming to Class 1000 cleanroom specifications. 

Prior to cell sorting, the instrument, the reagents and the workspace were decontaminated for 

DNA using UV irradiation and sodium hypochlorite solution (7). To further reduce the risk of 

DNA contamination, and to improve accuracy and throughput, Bravo (Agilent Technologies) 

and Freedom Evo (Tecan) robotic liquid handlers were used for all liquid handling in 384-well 

plates.

Libraries for SAG genomic sequencing were created with Nextera XT (Illumina) reagents 

following manufacturer’s instructions, except for purification steps, which were done with 

column cleanup kits (QIAGEN), and library size selection, which was done with BluePippin 

(Sage Science, Beverly, MA), with a target size of 500±50 bp. DNA concentration 

measurements were performed with Quant-iT™ dsDNA Assay Kits (Thermo Fisher Scientific), 

following manufacturer’s instructions. Libraries were sequenced with NextSeq 500 (Illumina) in 

2x150 bp mode using v.2.5 reagents. The obtained sequence reads were quality-trimmed with 
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Trimmomatic v0.32 (8) using the following settings: -phred33 LEADING:0 TRAILING:5 

SLIDINGWINDOW:4:15 MINLEN:36. Reads matching the H. sapiens reference assembly 

GRCh38 and a local database of WGA-X reagent contaminants  (≥95% identity of ≥100 bp 

alignments), as well as low complexity reads (containing <5% of any nucleotide) were removed. 

The remaining reads were digitally normalized with kmernorm 1.05 

(http://sourceforge.net/projects/kmernorm) using settings -k 21 -t 30 -c 3 and then assembled 

with SPAdes v.3.0.0 (9) using the following settings: --careful --sc --phred-offset 33. Each end of

the obtained contigs was trimmed by 100 bp, and then only contigs longer than 2,000 bp were 

retained. Contigs matching the H. sapiens reference assembly GRCh38 and a local database of 

WGA-X reagent contaminants (5)  (≥95% identity of ≥100 bp alignments) were removed. The 

quality of the resulting genome assemblies was determined using CheckM v.1.0.7 (10) and 

tetramer frequency analysis (11). This workflow was evaluated for assembly errors using three 

bacterial benchmark cultures with diverse genome complexity and %GC, indicating no non-

target and undefined bases in the assemblies and average frequencies of mis-assemblies, indels 

and mismatches per 100 kbp: 1.5, 3.0 and 5.0 (5). 

16S rRNA gene regions longer than 500 bp were identified using local alignments provided 

by BLAST against CREST's (12) curated SILVA reference database SILVAMod v128 (13), and 

taxonomic assignments were based on a reimplementation of CREST's last common ancestor 

algorithm. Functional annotation was first performed using Prokka (14) with default Swiss-Prot 

databases supplied by the software. Prokka was run a second time with a custom protein 

annotation database built from compiling Swiss-Prot (15) entries for Archaea and Bacteria. 
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Supplementary Figures 1-17

Supplementary Figure 1. Eukaryotic and viral community composition beneath the Ross

Ice Shelf, based on metagenomic sequencing. (a) Eukaryotic community composition based on

metagenomic 18S rRNA gene reads (miTags) mapped to the SILVA SSU rRNA reference 

database. (b) Viral community composition based on viral signals in assembled metagenomic 

contigs using VirSorter. For each, averages of replicate sequencing samples are shown. The data 

used to construct these plots is provided in Supplementary Data 1 & 2.
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Supplementary Figure 2. 16S rRNA gene amplicon sequencing of the oceanic cavity 

beneath the Ross Ice Shelf. Community composition of each below-shelf sample and control 

samples at (a) phylum level and (b) genus level. The upper nine samples are from the below-

shelf water column, whereas the lower seven samples are controls that confirm no significant 

contamination is present. In all cases, taxonomic classification is based on the Genome 

Taxonomy Database (GTDB). (c) Principal coordinates analysis (PcoA) of community 

dissimilarity (Bray-Curtis) between the samples. Permanova based on the Bray-Curtis 

dissimilarities values was used to compare samples and controls and confirm significant 

differences between groups (Supplementary Data 3). (d) Rarefaction curves showing number 

of taxa (ASVs) detected relative to number of sequencing reads. For the three samples not shown

in panels c and d (sediment drill 3, drill nickel paste, driller grease), features count was 20 or less

and read count was below 100.
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Supplementary Figure 3. Comparison of community composition based on 16S rRNA 

gene amplicon sequencing and on metagenome 16S rRNA recruited reads. (a) Averaged 

replicate samples, 16S rRNA gene amplicon sequencing (‘amplicon’) and metagenome reads 

from 16S rRNA recruited reads (‘miTags’). Genera, families, and classes highlighted throughout 

the main text were selected for comparison (taxonomic classification is based on the Genome 

Taxonomy Database, GTDB. (b-c) Principal coordinates analysis plot (PCoA) of community 

dissimilarity (Bray-Curtis) between the three depths sampled, based on (b) amplicon sequencing 

and (c) metagenomic miTags (at the species level). Independent Permanova analyses based on 

the Bray-Curtis dissimilarities values were used to confirm significant differences between 

depths. As detailed in Supplementary Data 3, there are significant differences in richness 
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between the 30 m and 330 m samples, as well as significant differences in beta diversity between

samples. 
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Supplementary Figure 4. Relative abundance of metagenomic and metatranscriptomic short reads mapped to metagenome-

assembled genomes and single-amplified genomes. These are expressed as gene counts per million (CPM) and transcripts per 

million (TPM), respectively. Plots are shown for the reconstructed genomes at (a, d) 30 m, (b, e) 180 m, and (c, d) 330 m deep. In 

panels a-b, the most abundant and/or transcribed genomes are labeled at each depth. In panels d-f the size class of each point 

represents the relative abundance of each genome, while the shading is used to identify the taxa highlighted in the main text.  The data 

used to construct these plots is provided in Supplementary Data 4.
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Supplementary Figure 5. Mirror plot of most active and abundant reconstructed 

genomes, contributing to 50% of total activity and/or abundance in each sample. The 

number of genomes assigned to each taxonomic category is indicated in brackets. Each genome's

coverage and transcription are normalized to total counts (count per million, CPM) and total 

transcripts (transcripts per million, TPM), respectively. Asterisks mark SAG_5 (order 

Nitrospinales), whose expression is two orders of magnitude higher than its abundance. The data 

used to construct these plots is provided in Supplementary Data 4.
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Supplementary Figure 6. Relative abundance of metagenomic and metatranscriptomic 

short reads mapped to selected genes from metagenomic assembled contigs and single-

amplified genomes. Each gene's coverage and transcription is normalized to total counts (count 

per million, CPM), and total transcripts (transcripts per million, TPM) respectively.
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Supplementary Figure 7. Maximum-likelihood phylogenetic tree of ammonia 

monooxygenase A subunit (AmoA) amino acid sequences. The tree shows sequences from 

this study’s single-amplified genomes and unbinned metagenome contigs alongside 

representative reference sequences. The tree was constructed using the JTT matrix-based model, 

used all sites, and was bootstrapped with 50 replicates.
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Supplementary Figure 8. Maximum-likelihood phylogenetic tree of nitrite 

oxidoreductase A subunit (NxrA) amino acid sequences. The tree shows sequences from this 

study’s binned and unbinned metagenome contigs alongside representative reference sequences. 

The tree was constructed using the JTT matrix-based model, used all sites, and was bootstrapped 

with 50 replicates. 
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Supplementary Figure 9. Maximum-likelihood phylogenetic tree of thaumarchaeotal 4-

hydroxybutyryl-CoA synthetase (HbsT). The tree shows sequences from this study’s single-

amplified genomes and unbinned metagenome contigs alongside representative reference 

sequences. The tree was constructed using the JTT matrix-based model, used all sites, and was 

bootstrapped with 50 replicates.
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Supplementary Figure 10. Maximum-likelihood phylogenetic tree of RuBisCO catalytic 

subunit (RbcL) amino acid sequences. The tree shows sequences from this study’s binned and 

unbinned metagenome contigs, as well as single-amplified genomes, alongside representative 

reference sequences. The tree was constructed using the JTT matrix-based model, used all sites, 

and was bootstrapped with 50 replicates. 
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Supplementary Figure 11. Maximum-likelihood phylogenetic tree of ATP-citrate lyase B

subunit (AclB) amino acid sequences. The tree shows sequences from this study’s unbinned 

metagenome contigs alongside representative reference sequences. The tree was constructed 

using the JTT matrix-based model, used all sites, and was bootstrapped with 50 replicates.

Martínez-Pérez et al.,                                              Supplementary Information                                                              Page 20 of 31



Supplementary Figure 12. Maximum-likelihood phylogenetic tree of dissimilatory sulfite

reductase A subunit (DsrA) amino acid sequences. The tree shows sequences from this 

study’s binned and unbinned metagenome contigs, as well as single-amplified genomes, 

alongside representative reference sequences. The tree was constructed using the JTT matrix-

based model, used all sites, and was bootstrapped with 50 replicates. Note all sequences affiliate 

with known sulfide-oxidising (r-DsrA) clades.
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Supplementary Figure 13. Maximum-likelihood phylogenetic tree of sulfide:quinone 

oxidoreductase (Sqr) amino acid sequences. The tree shows sequences from this study’s 

binned and unbinned metagenome contigs, as well as single-amplified genomes, alongside 

representative reference sequences. The tree was constructed using the JTT matrix-based model, 

used all sites, and was bootstrapped with 50 replicates. 
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Supplementary Figure 14 Maximum-likelihood phylogenetic tree of thiosulfohydrolase 

(SoxB) amino acid sequences. The tree shows sequences from this study’s binned and unbinned
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metagenome contigs, as well as single-amplified genomes, alongside representative reference 

sequences. The tree was constructed using the JTT matrix-based model, used all sites, and was 

bootstrapped with 50 replicates.
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Supplementary Figure 15. Maximum-likelihood phylogenetic tree of carbon monoxide 

dehydrogenase catalytic subunit (CoxL) amino acid sequences. The tree shows sequences 
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from this study’s binned and unbinned metagenome contigs alongside representative reference 

sequences. The tree was constructed using the JTT matrix-based model, used all sites, and was 

bootstrapped with 50 replicates.
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Supplementary Figure 16. Maximum-likelihood phylogenetic tree of group 1h [NiFe]-

hydrogenase catalytic subunit (HhyL) amino acid sequences. The tree shows sequences from 

this study’s unbinned metagenome contigs alongside representative reference sequences. The 

tree was constructed using the JTT matrix-based model, used all sites, and was bootstrapped with

50 replicates. The tree is rooted with group 1f (Pyrobaculum islandicum) and group 1k 

(Methanosarcina barkeri) [NiFe]-hydrogenase sequences.
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Supplementary Figure 17. Temperature tracking in the 3 m deep borehole where 

samples were stored. The initial and final changes in temperature are the times when the logger 

was introduced and retrieved from the borehole. Inserted photos show the borehole where 

samples were incubated.
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