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Abstract 

Background  Tramway Ridge, a geothermal Antarctic Specially Protected Area (elevation 3340 m) located 
near the summit of Mount Erebus, is home to a unique community composed of cosmopolitan surface-associated 
micro-organisms and abundant, poorly understood subsurface-associated microorganisms. Here, we use shot-
gun metagenomics to compare the functional capabilities of this community to those found elsewhere on Earth 
and to infer in situ diversity and metabolic capabilities of abundant subsurface taxa.

Results  We found that the functional potential in this community is most similar to that found in terrestrial hydro-
thermal environments (hot springs, sediments) and that the two dominant organisms in the subsurface carry high 
rates of in situ diversity which was taken as evidence of potential endemicity. They were found to be facultative 
anaerobic heterotrophs that likely share a pool of nitrogenous organic compounds while specializing in different 
carbon compounds.

Conclusions  Metagenomic insights have provided a detailed understanding of the microbe-based ecosystem found 
in geothermally heated fumaroles at Tramway Ridge. This approach enabled us to compare Tramway Ridge with other 
microbial systems, identify potentially endemic taxa and elucidate the key metabolic pathways that may enable spe-
cific organisms to dominate the ecosystem.
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Background
Mt. Erebus, Victoria Land, Antarctica, is the highest, 
most southern, isolated geothermal feature on the planet 
[1]. Since its original submarine eruption approximately 
1.3 million years ago [2], the Antarctic Circumpolar cur-
rent has kept Mt. Erebus relatively isolated from volca-
noes found elsewhere on Earth [3]. This isolation has 
likely limited the colonization of Mt. Erebus by micro-
organisms to those transported by upper atmospheric 
winds [4]. Its biogeographical isolation is supported by 
previous research on the soil microbial communities at 

Tramway Ridge, a small geothermal feature on the sum-
mit plateau of Mount Erebus [4–9]. Tramway Ridge is 
currently recognized as an Antarctic Specially Protected 
Area [10] that contains unique, deep-branching, and 
potentially endemic lineages of Bacteria and Archaea 
within thermally stratified fumaroles (Fig.  1) [4–6, 11, 
12].

The fumaroles of Tramway Ridge differ in many ways 
from other terrestrial hydrothermal features. They are 
characterized by hot (65  °C) CO2-rich steam venting 
through slightly alkaline (pH 8) hydrothermally altered 

Fig. 1  Overview of Tramway Ridge, Mt. Erebus. a Tramway Ridge is located near the summit of Mt. Erebus, a volcano on Ross Island, 
in the Ross Sea region of Antarctica (indicated by green marker on the satellite image). Photos from top to bottom: aerial image of the main 
crater of Mt. Erebus, which harbours an active lava lake; looking up towards the volcano from the shore of Ross Island; images of Tramway 
Ridge hot soils, including sampling in Tyvek suits (photos courtesy of Jon Tyler and Stephen Noell). Satellite imagery is from the Antarctic 
Digital Database Map Viewer https://​www.​add.​scar.​org/, Open Source. b Simple cutaway schematic of a fumarole. Water vapour and gasses 
heated underneath the surface are released at fumaroles, which host diverse and unique microbial lineages. The network on the right 
is the “intra-correlated groups” (ICGs) of Herbold et al., 2014 [4]. Nodes correspond to OTUs formed from 16S ribosomal RNA gene amplicons. Vertical 
placement of ICGs indicate an estimate of the location of maximal ICG abundance, based on data in Herbold et al., 2014 [4]. Blue lines indicate 
a positive correlation between OTUs, with the width of the line corresponding to the strength of the correlation. ICGs are background-shaded 
with the surface-associated ICG background-shaded in green. OTUs indicated with numbers 1 & 2 represent abundant, potentially endemic 
organisms discussed at length in this manuscript

https://www.add.scar.org/
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mineral soils [13, 14]. Oxygen levels within fumarolic 
sediments are approximately 1  mg  L−1 (roughly 25% 
saturated for the temperature) indicative of subsurface 
hypoxia [7, 15]. All Erebus hydrothermal features are 
driven by a phonolite magmatic source [9, 16]. Off-gas-
ses tend to be composed primarily of steam, with low 
levels of sulfur and elevated concentrations of methane, 
hydrogen and CO [17, 18]. The high pH, moderate tem-
perature, lack of standing water, and hypoxia distinguish 
them from other well-studied terrestrial hot springs 
and mud volcanoes and provide a unique geothermally-
driven range of micro-environments for resident micro-
biota. Steam is vented through concentrated hotspots, 
generating steep temperature (− 20 to 65  °C) and pH 
(3.5–8) gradients over less than a meter that are major 
determinants of the composition of the thick cyanobacte-
rial mats and associated microbial communities observed 
on the surface [5, 6]. Within fumaroles, the temperature 
is a relatively constant 65  °C, even at > 5  cm depth, but 
can decrease suddenly to less than 20 °C and stay low for 
24 h or more at a time [6, 7]. Beyond its unique physical 
characteristics, the hot fumarolic soils of Tramway Ridge 
also have an extremely low total C:N ratio (ranging from 
1:3 to 3:1) [4, 6], which suggests that the microbial com-
munity experiences continual carbon-limitation relative 
to nitrogen [19].

The isolation of Tramway Ridge, its unique geochemi-
cal environment, and microbiota make it an excit-
ing site for evaluating potential endemism and for 
identifying novel metabolic pathways. Driven by the 
novelty of the taxa encountered there and the lack of 
information regarding their metabolic potential, we 
launched a detailed metagenomic study of high-altitude 
Antarctic fumaroles. First, we used functional profiles to 
contextualize the functional repertoire of this particular 
community with respect to other types of microbial com-
munities. Second, we improved on our previous effort to 
identify endemic taxa [4], where we relied on matching 
partial 16S rRNA gene amplicon sequences with data-
base entries by developing a novel metric that is based on 
synonymous polymorphisms within reconstructed envi-
ronmental populations to define/circumscribe poten-
tially endemic taxa based on in situ diversity. Finally, we 
sought to elucidate possible novel metabolic processes 
encoded by abundant taxa with high in  situ diversity 
that are specifically localized to the fumarolic subsurface 
(depths > 2 cm).

Methods
Sample collection
Soil samples were collected within the Tramway Ridge 
Antarctic Specially Protected Area (ASPA 130) in Feb-
ruary 2009 from two sites (site A–77° 31.103′ S, 167° 

6.682′ S and site B–77° 31.306′ S, 167° 6.668′ E). Sites 
were chosen based on measuring a surface temperature 
of 65  °C with a stainless steel Checktemp1 temperature 
probe (Hanna Instruments, Rhode Island, USA) steri-
lized with 70% ethanol immediately prior to use. Tem-
perature measurements were repeated for each layer 
sampled. Surface soil crusts were carefully set aside prior 
to collecting samples. Samples were collected by carefully 
removing 2  cm of soil in an approximately 5  cm × 5  cm 
square area using an autoclaved stainless steel spatula 
wiped with 70% ethanol just prior to sampling. Soil was 
placed into a fresh 50  mL Falcon tube and immediately 
frozen at − 20 °C. Sampling continued with the collection 
of a second layer (2–4 cm depth). Samples were assigned 
NCBI Biosample IDs SAMEA2163752 (Site A, 0–2 cm), 
SAMEA2163753 (Site A, 2–4 cm), SAMEA2163761 (Site 
B, 0–2 cm) and SAMEA2163755 (Site B 2–4 cm) under 
NCBI Bioproject PRJNA431961.

DNA extraction, library preparation and sequencing
DNA was extracted from all samples using a modi-
fied CTAB (cetyltrimethylammonium bromide) bead-
beating protocol [20] and quantified using the Quant-IT 
dsDNA BR Assay Kit (Invitrogen, Carlsbad, CA, USA). 
Portions of extracted metagenomic DNA for samples 
SAMEA2163752 (Site A, 0–2 cm), SAMEA2163761 (Site 
B, 0–2  cm) and SAMEA2163755 (Site B 2–4  cm) were 
frozen and sent to the sequencing facility at the Uni-
versity of California-Los Angeles (USA). Additionally, 
DNA from sample SAMEA2163752 (Site A, 0–2  cm) 
was sent to the University of Waikato (Hamilton, New 
Zealand). At each location, samples were processed and 
sequenced using standard protocols for the 454-Ti plat-
form (Roche 454 Life Sciences, Branford, CT, USA). Ini-
tial analysis of the 454-generated data indicated that we 
would benefit from greater read depth. We then gener-
ated additional metagenomic data using Illumina. Frozen 
DNA from samples SAMEA2163752 (Site A, 0–2  cm) 
and SAMEA2163753 (Site A, 2–4  cm) were sent to the 
sequencing facility at University of California, Davis, 
where two paired-end libraries were prepared for each 
DNA sample (technical replicates) and sequenced using 
the Illumina Hi-Seq 1000 platform (Illumina, San Diego, 
CA, USA).

Metagenome assembly and binning
Our goal in binning was to produce a high number of 
metagenome assembled genomes (MAGs), which rep-
resent an average population genome estimator for 
each species. We used multiple (co-)assembly and bin-
ning methods in parallel as outlined below to leverage 
strengths of unique assembly and binning combinations 
which can affect the quantity and recovery of MAGs in 
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a taxonomy-dependent manner [21]. Co-assemblies only 
combined merged datasets from the same sequencing 
platform as 454 and Illumina platforms vary in error pro-
files and are not typically assembled together [22].

Newbler v.3.0 (Roche) was used for assembling 
454-generated data. Sff files from each 454 dataset were 
assembled independently and were also used in vari-
ous pooled 454 assemblies in different combination 
(Table  S1). Sff files were assembled using Newbler v.3.0 
with a minimum overlap of 100 nucleotides and over-
lap identity of 98% (-mi 98 -ml 100 -minlen 45 -a 500 -l 
2000).

Paired-end Illumina reads were pre-processed by 
removing any paired-end set for which identifying tags 
had at least one mismatch or for which the paired-end 
tags were not identical. Identifying tags were removed, 
adapters were removed, and reads were quality trimmed 
with BBDuk v.38.97 (ktrim = r k = 21 mink = 11 hdist = 2 
minlen = 19 qtrim = r trimq = 15) [23]. Illumina data 
were assembled using three assemblers, two assemblers 
for metagenomic datasets, Megahit 1.2.9 (–k-min 27 
–k-max 127 –k-step 10 –min-contig-len 500 –prune-
level 3 –no-mercy –min-count 3 –no-local) [24] and 
MetaSPAdes v.3.15.3 (–meta –only-assembler) [25]. We 
also assembled metagenomes using SPAdes v.3.15.3 (–
careful –only-assembler; –cov-cutoff auto –careful -k 
25,55,65,75 –only-assembler)[26] due to its ability to pro-
duce high quality bins for rarer taxa [21]. Fastq files for 
each Illumina dataset were assembled independently and 
were also pooled in various combinations for additional 
assemblies (Table S1). In total, 36 unique assemblies were 
constructed (Table S1) and binned into MAGs separately.

BBMap v.38.97 [23] was used to map individual read 
sets against large (> 2  kb) contigs and scaffolds from 
each assembly. Maxbin v.2.2.7 [27] and Metabat 2 v.2. 15 
[28] were both used to bin assemblies into an assembly-
specific set of MAGs. CheckM v.1.2.3 was used to assess 
completeness and contamination of MAGs. MAGs from 
different assemblies were then de-replicated using dRep 
v.3.0.0 [29] with a completeness cutoff of 40%, contami-
nation cutoff of 10%,a minimum genome size of 200 kb 
and otherwise default parameters. Each MAG pro-
duced was therefore the result of a unique combination 
of metagenomic dataset(s) used, assembly settings, and 
binner settings. For each final de-replicated MAG, these 
details may be found in Table  S2. De-replicated MAGs 
(Table  1 and Table  S2) were classified using GTDB-Tk 
v2.4.0 [30] with genome database release 220 [31], anno-
tated (including tRNA and rRNA annotation) with the 
NCBI Prokaryotic Genome Annotation Pipeline [32] and 
screened for contamination with FCS-GX v0.5.3 [33]. 
Dereplicated MAGs were also clustered into species-level 
clusters in a final round of dereplication with dRep v.3.0.0 

using gANI as the secondary clustering algorithm and 
96.5% as the clustering threshold. MAGs discussed in 
the text were additionally annotated with eggNOG map-
per v.2 [34], Cytochrome c oxidases were checked with 
the HCO classifier [35], hydrogenases were checked with 
HydDB [36], and CAZymes were checked with dbCAN3 
[37].

Endemicity index calculation
Quality-trimmed Illumina reads were mapped to each 
MAG using BBmap v.38.97 and further filtered using 
a hard 97% identity cutoff where identity = number of 
matches/length of alignment, with the additional require-
ment that at least 50 nucleotides mapped. Raw diversity 
was compiled using Samtools mpileup using option: -d 
1000000 [38] for each MAG and each dataset indepen-
dently. SNPs were determined using Varscan2 pileup2snp 
(options: –min-var-freq 0.01 –p-value 0.05) [39] and 
further filtered using the Benjamini–Hochberg multiple 
testing correction FDR = 0.01. SnpEff [40] was used to 
classify SNPs as synonymous with gff files produced with 
Prodigal [41]. The density of synonymous SNPs (DSynSNP) 
for a MAG was calculated as the number of Synonymous 
SNPs (NSynSNP) divided by MAG length in Mb (LMAG): 
DSynSNP = NSynSNP / LMAG. Because sensitivity increases 
as read depth increases, DSynSNP was corrected for read 
coverage of the MAG (CMAG) which was calculated 
as the number of reads mapped (NM) divided by MAG 
length (LMAG): CMAG = NM / LMAG. Endemicity Index 
(EI) was then the density of synonymous SNPs (DSynSNP) 
divided by read coverage (CMAG): EI = DSynSNP/CMAG. EI 
was calculated for each MAG/dataset combination only 
if NSynSNP ≥ 5 and reported EI values are the average of 
calculated values over four Illumina read sets represent-
ing two technical replicates each of two physical sam-
ples (Biosample SAMEA2163752 = SRR6519253 and 
SRR6519256. Biosample SAMEA2163753 = SRA acces-
sions SRR6519254 and SRR6519255.).

Functional profile comparisons
Pfam [42] profiles were used to compare functional 
similarity between the metagenomic assemblies from 
Tramway Ridge and publicly available metagenomic 
assemblies in the Integrated Microbial Genomes (IMG) 
database [43]. A list of all assembled, published, and 
“unrestricted” environmental metagenomic datasets 
available through IMG was downloaded on 31 March, 
2023. IMG-generated pfam profiles (counts of pfams 
present in metagenomic assembly) were downloaded 
for each available metagenome, resulting in 7652 total 
pfam profiles. The number of metagenomic datasets 
was reduced by removing datasets with total assem-
bly length less 5 × 107 or greater than 1 × 109 bases. This 
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subset was further reduced by removing metagenomic 
datasets with fewer than 3500 or greater than 7500 
unique pfams. These filtering criteria resulted in a data-
set of 4513 publicly sourced metagenomic datasets for 
comparative analysis. Profiles were analyzed in R 4.2.3. 
Jaccard dissimilarity was calculated using the vegdist() 
function from vegan 2.6–4 [44] based on presence/
absence of pfams. Principle coordinate analysis (PCoA) 
was carried out using the pcoa() function from Version 

5.7–1 of ape [45] and plotted in three dimensions using 
the plot3d() function from rgl 1.2.1 [46]. t-distributed 
stochastic neighbor embedding (tSNE) was calculated 
using the Rtsne() function from Rtsne 0.16 [47] and plot-
ted with ggplot2 3.4.3 [48]. Rtsne settings were as fol-
lows: Rtsne(X, dims = 2,initial_dims = 5, perplexity = 300, 
theta = 0.5, check_duplicates = FALSE, pca = TRUE, 
partial_pca = FALSE, max_iter = 5,000,000, ver-
bose = getOption("verbose",FALSE), is_distance = TRUE, 

Table 1  Species-level representatives of metagenome-assembled genomes (MAGs) from Tramway Ridge fumarolic soils

Lineage was assigned using GTDB-Tk v.2.4.0 [30] with release 220 of the Genome Taxonomy Database [31]. Completeness and contamination estimates were 
calculated in CheckM v.1.2.3 [55]. “Mimag reporting standard” follows the recommendations outlined previously [60]. For a comprehensive list of genome quality 
attributes for all binned strains, including completeness, contamination and tRNA/rRNA counts used for determining the MIMAG reporting standard, see Table S2

Name Species group # of strains in 
species group

Phylum MIMAG reporting standard GC

Blastocatellia bacterium ERB_27 27 2 Acidobacteriota High 50.9

Pyrinomonas sp. ERB_32 32 1 Acidobacteriota High 60

Acidimicrobiia bacterium ERB_23 23 3 Actinobacteriota Medium 55.1

Acidimicrobiia bacterium ERB_8 8 1 Actinobacteriota Medium 69.4

Thermoleophilia bacterium ERB_19 19 3 Actinobacteriota High 69.5

Armatimonadota bacterium ERB_24 24 1 Armatimonadota Medium 60.8

Armatimonadota bacterium ERB_33 33 1 Armatimonadota Medium 60.5

Armatimonadota bacterium ERB_34 34 2 Armatimonadota High 58

Armatimonadota bacterium ERB_6 6 3 Armatimonadota High 61.1

Candidatus Fervidibacter antarcticus ERB_15 15 1 Armatimonadota High 56.3

Chitinophagaceae sp. ERB_2 2 1 Bacteroidota Medium 40.5

Chitinophagaceae sp. ERB_3 3 2 Bacteroidota Medium 39.3

Ignavibacteria bacterium ERB_28 28 1 Bacteroidota High 55.2

Chloroflexota bacterium ERB_10 10 1 Chloroflexota Medium 64.7

Chloroflexota bacterium ERB_11 11 1 Chloroflexota Medium 68.5

Chloroflexota bacterium ERB_20 20 3 Chloroflexota High 63.6

Candidatus Nitrocaldera therma ERB_22 22 2 Chloroflexota High 65.1

Chloroflexota bacterium ERB_25 25 1 Chloroflexota Low-quality draft 64.8

Chloroflexota bacterium ERB_7 7 1 Chloroflexota Medium 70.2

Chloroflexota bacterium ERB_9 9 2 Chloroflexota Medium 62.8

Thermoflexus sp. ERB_21 21 3 Chloroflexota high 69.6

CSP 1-3 bacterium ERB_18 18 2 CSP 1-3 High 70.1

Leptolyngbya sp. ERB_1 1 2 Cyanobacteriota Medium 47.2

Mastigocladus sp. ERB_26 26 2 Cyanobacteriota High 41.2

Allomeiothermus sp. ERB_29 29 2 Deinococcota Medium 66.3

Meiothermus sp. ERB_30 30 2 Deinococcota Medium 61.5

Caldithermus sp. ERB_31 31 1 Deinococcota Medium 68.5

Thermus sp. ERB_17 17 5 Deinococcota High 65.2

Candidatus Dadabacteria bacterium ERB_12 12 1 Desulfobacterota Medium 44.2

Nitrospiraceae bacterium ERB_14 14 2 Nitrospirota Medium 56.2

Candidatus Lakebacteria bacterium ERB_C1 C1 3 Patescibacteria High 27.3

Gemmatales bacterium ERB_16 16 2 Planctomycetota High 60.1

Rhodanobacteraceae bacterium ERB_4 4 1 Pseudomonadota Medium 62.8

Candidatus Australarchaeum erebusense ERB_5 5 1 Thermoproteota High 63.6

Nitrososphaera sp. ERB_13 13 1 Thermoproteota Medium 56.6
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Y_init = NULL, pca_center = TRUE, pca_scale = FALSE, 
normalize = TRUE, stop_lying_iter = 500,000, mom_
switch_iter = 500,000, momentum = 0.5, final_momen-
tum = 0.8, eta = 100, exaggeration_factor = 12).

Phylogenomic analysis
A collection of reference genomes for comparative phy-
logenomic analysis was assembled from representa-
tive species defined in release 214 (April, 2023) of the 
Genome Taxonomy Database [31]. GTDB classifications 
of MAGs from the current study were used to select from 
GTDB species representatives for an informative tree. 
For instance, in the case where a MAG was classified into 
an order but not a family, one representative taxon from 
each family was included, the phylogeny was calculated, 
and if the MAG was associated with a particular family, 
the process was repeated using genus representatives 
from that family. These genomes were supplemented with 
additional genomes from thermophilic environments [49, 
50], thermophilic nitrifying enrichment cultures [51, 52], 
additional Nitrospirota [53] and additional Nitrosospha-
eria [54]. All genomes were downloaded and processed 
using CheckM v 1.2.3 [55] to generate concatenated 
alignments of 34 universal marker genes (43 marker 
HMMs). To be included in phylogenomic reconstruction, 
reference genomes were required to be at least 60% com-
plete with less than 5% contamination and to have at least 
4500 ungapped characters in the concatenated alignment 
(6988 total positions). All genomes used for phylogenetic 
analysis are listed in Table  S3. Phylogenetic reconstruc-
tion with IQ-TREE 2 [56] included model selection with 
ModelFinder [57] and calculation of bootstraps with 
UFboots [58].

Results
We found that the functional profiles from Tram-
way Ridge metagenomes resembled those from other 
thermally-influenced environments, in particular 
those from terrestrial hydrothermal systems. To learn 
this, we compared functional profiles of assembled 
Tramway Ridge metagenomes to 4513 publicly avail-
able and assembled environmental metagenomes 
broadly categorized as terrestrial hydrothermal / non-
hydrothermal, freshwater, and marine hydrothermal / 
non-hydrothermal (Table  S4). Functional profiles for 
metagenomes were constructed based on the presence-
absence of Pfam protein family domains [59], and dis-
similarities were calculated using the Jaccard index. A 
post-hoc Tukey’s HSD test (Fig. 2a) comparing Jaccard 
dissimilarity grouped according to the broad categories 
listed above showed that metagenomes from Tram-
way Ridge were most similar to terrestrial hydrother-
mal environments (Tukey category a) and least similar 

to metagenomes from non-hydrothermal marine and 
freshwater environments (Tukey category d). We con-
tinued with principal coordinate analysis (PCoA) and 
t-distributed Stochastic Neighbor Embedding (tSNE) 
visualizations to explore relationships that may not 
have been clear from grouped pairwise comparisons 
(Fig.  2bc). In both, Tramway Ridge microbial commu-
nities clustered loosely with microbial communities 
sourced from both terrestrial and marine hydrothermal 
environments to the exclusion of non-hydrothermal 
environments. t-SNE visualization (Fig.  2c) recovered 
several distinct but associated clusters from hydrother-
mal systems, one of which was composed exclusively of 
profiles from Tramway Ridge.

Metagenome-assembled genomes (MAGs) were con-
structed from DNA extracted from soils at two 65  °C 
fumaroles at Tramway Ridge (Table S5). We recovered 63 
MAGs at the strain level (99% average nucleotide iden-
tity, ANI), which clustered into 35 species-level repre-
sentatives (> 96.5% average nucleotide identity) (Fig.  3, 
Table 1, Table S2). A total of 16 species were represented 
by MAGs that met the MIMAG standard for high-quality 
drafts, and 18 species were represented by MAGs met 
the standard for medium-level drafts [60]; these include 
nearly complete (75–96%) genome bins for a novel order 
of Archaea within the Nitrososphaeria (Fig.  3b, 3h) and 
novel lineages of Bacteria including Armatimonadota, 
Chloroflexota, Actinobacteriota, and Candidate divi-
sion CSP1-3. Additional MAGs of interest include those 
belonging to the Candidatus Patescibacteria phylum 
(Fig. 3c), Mastigocladus genus (Fig. 3d) and Candidatus 
Fervidibacter genus (Fig. 3e). MAGs were classified using 
GTDB-Tk v.2.4.0 [30] with release 220 of the Genome 
Taxonomy Database [31], and novel taxa of note were 
given proposed names (Table 1, Table S2).

Tramway Ridge occupies a unique location on Earth 
that makes it ideal for the study of the effects of isola-
tion on microbial communities due to its remote location 
and the geothermal enrichment that prevents intrusion 
of nearby psychrophilic and mesophilic microorgan-
isms. Here, we quantified in situ diversity for each of the 
MAGs we generated. We interpreted the in situ diversity 
of a given taxon as being proportional to the degree of 
endemism of that taxon, reasoning that endemic spe-
cies have had an extended opportunity to diversify on-
site, as opposed to recent arrivals that would be subject 
to founder effects. We developed a simple metric, which 
we called the endemicity index (EI) (Fig. 3F) that meas-
ured the in  situ diversity of a MAG by calculating the 
frequency of synonymous mutations in a MAG account-
ing for read depth. High values (e.g. 10–2) of EI indicate 
high diversity whereas low values (e.g. 10–6) indicate low 
diversity.
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The lowest median EI value (1 × 10–5) for a single 
species was calculated for ERB_26, (Fig.  3f ), which 
represented two individual strains of a cyanobacte-
rium belonging to the Fischerella / Mastigocladus 
genus (Table  S2) and dominated the near-surface 
(5–10% of near-surface reads). The highest median EI 
value (1 × 10–2) for a single species was calculated for 
ERB_C1 (Fig.  3f ), which represented three individual 
strains of Candidatus Patescibacteria (Table  S2). Ca. 

Lakebacteria bacterium ERB_C1 classified into the 
HRBIN35 genus in the HR35 family (Fig. 3c). Based on 
the percentage of reads recruited, it was slightly more 
abundant in the near-surface (0–2  cm depth) than in 
the subsurface (> 2 cm, Fig. 3g). Due to this distribution 
pattern and the fact that an accelerated evolutionary 
process is a hallmark feature of members of this lineage 
[31, 61, 62], we did not pursue further analysis of this 
genome, which would be best accomplished in a com-
prehensive comparison with other Ca. Patescibacteria.

Fig. 2  Exploration of pairwise Jaccard distance between Pfam-based functional profiles of public metagenomes. Profiles were constructed 
as vectors of Pfam presence-absence, and distance was calculated using the Jaccard Index (see methods for details) a Bean plot showing 
the distribution of dissimilarity between functional profiles from Tramway Ridge metagenomes and other broad environmental categories. 
The dashed vertical line indicates the median dissimilarity of all metagenomes. The categorical labels from a post hoc Tukey’s test are indicated 
for each environmental category. b 3-D principal coordinate analysis (PCoA) plot based on pairwise Jaccard distance between publicly available 
metagenomic assemblies and 2-D projections comparing each of the three first coordinate axes. Each point represents a single dataset. c 
t-distributed stochastic neighbor embedding (tSNE) projection of the data in b
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Fig. 3  a Phylogenomic reconstruction of all MAGs recovered from Tramway Ridge, coloured according to phylum-level classification by GTDB-Tk 
v.2.4.0 using GTDB release 220. Trees were reconstructed with IQtree2 using an alignment of 34 concatenated marker genes generated 
with CheckM v.1.2.3. ModelFinder identified the best-fit model as LG + F + I + I + R10. Only MAGs with > 60% completeness and < 5% contamination 
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truncated and the actual branch length is given as 1.8. A complete, annotated tree is provided as Figure S1. b–e Subtrees from a that are bound 
by grey triangles. The majority of bipartitions shown exceed 95% UFboot support. Those marked with an open circle are those with less than 95% 
UFBoot support. Relevant taxonomic clades defined in GTDB release 220 are shaded and the location of Tramway MAGs are indicated as necessary 
for clarity. f Endemicity index (EI) of species-level collections of MAGs. Each line presents data for one species-level collection of MAGs (> 96.5% 
gANI). Strain-level MAGs within each species are shown as individual dots. Vertically, species are ordered by EI, with a higher EI indicating a larger 
diversity at synonymous coding positions. g Read abundance is reported as the relative proportion of metagenomic reads in Illumina datasets 
from the subsurface (brown–red) and near-surface (green) samples that map to each MAG. The middle line represents 0 and deviations to the left 
represent abundance in the subsurface and deviations to the right represent abundance in the near-surface. h Relative Evolutionary Divergence 
(RED) values for each MAG as determined with GTDB-Tk. Low RED values correspond to deep branches within the reference tree
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Two MAGs, ERB_15_1 and ERB_5_1, with relatively 
high EI values (3 × 10–3 and 1 × 10–3, respectively) domi-
nated the subsurface community at depths greater than 
2  cm (Fig.  3f, Fig.  3g). ERB_5_1 shared less than 40% 
average amino acid identity (AAI) with any other Nitros-
osphaeria (formerly Thaumarchaeota) and formed a 
singular deep branch of the Nitrososphaeria in phyloge-
netic trees (Fig. 3b) with relative evolutionary divergence 
(RED) values of 0.44 (Fig. 3h) indicating that it represents 
a novel order of Archaea. ERB_15_1 shared 69% AAI and 
77% ANI with Candidatus Fervidibacter sacchari, estab-
lishing it as a novel species of this genus (Fig. 3c). Here 
we propose the names Candidatus Fervidibacter ant-
arcticus (ERB_15_1) and Candidatus Australarchaeum 
erebusense (ERB_5_1). We picked these two MAGs for 
further analyses based on their high EI values, subsurface 
abundance, and taxonomic novelty.

Candidatus A. erebusense (ERB_5_1) branches near 
the base of the Nitrososphaeria (Fig.  3b). Like other 
deeply diverging lineages, it lacked marker genes for 
cobalamin biosynthesis (cob/cbi/bluB) and ammonia 
oxidation (archaeal amoABC, HAO) [63–65]. Con-
sistent with previous observations of deeply diverg-
ing Nitrososphaeria, the genome of Ca. A. erebusense 
encoded genes for the beta oxidation of fatty acids and 
peptide degradation and several genes that may be 
used for amino acid-based oxidation (Table  S6). Ca. A. 
erebusense encoded aminotransferases and glutamate 
dehydrogenase that could be used to produce NAD(P)
H by converting glutamate to 2-oxoglutaric acid. A 
2-oxoglutarate:ferredoxin oxidoreductase could then 
convert the 2-oxoglutaric acid to succinyl-CoA, which 
could then be converted to succinate with the production 
of ATP via ADP-forming succinate-CoA ligase (Table S6). 
Unlike other deep-branching Nitrososphaeria, Ca. A. 
erebusense also additionally encoded two aa3-type (low-
affinity) cytochrome C-oxidases (Table  S6). We identi-
fied a putative aerobic carbon monoxide dehydrogenase 
(CODH) cluster of genes (coxMLS) that may confer the 
ability to use CO as an additional energy source. How-
ever, the large subunit of the CODH in Ca. A. erebuse-
nse contained a hallmark motif, AYXGAGR, of type II 
CODH, which oxidizes CO only very slowly and possibly 
incidentally [66]. No predicted carbon fixation pathways 
were identified.

Candidatus Fervidibacter antarcticus (ERB_15_1) 
shared 69% AAI and 77% ANI with Candidatus Fer-
vidibacter sacchari, establishing it as a novel species of 
this genus (Fig.  3c). Based on conservative annotations, 
the Ca. F. antarcticus genome encoded 144 CAZymes, 
including 69 glycosyl hydrolase (GH) domains span-
ning 32 GH families (Table S7, Table S8), and an impres-
sive 15 variants of the unusual and poorly characterized 

GH109 family. Furthermore, when we group the Ca. F. 
antarcticus CAZymes by substrate utilization capacity, 
the GH109s belong to the largest cohort (35.25%) which 
appear to be involved in depolymerisation cascades of 
N-acetylhexosamide glycans such as chitins and chi-
tosan (Table S8). Other major polysaccharide utilization 
cohorts include cellulose and hemicellulose (19.8%), pec-
tin (14.3%) and ß-glucans (19.8%), with minor cohorts 
for ɑ-glucans, ɑ-mannans and ɑ-fucans. Ca. Fervidi-
bacter genomes, including Ca. F. antarcticus addition-
ally encoded numerous aminotransferases, glutamate 
dehydrogenase, indole-pyruvate:ferrodoxin oxidoreduc-
tase and ADP-forming succinate-CoA ligase (Table  S7) 
which may explain the ability of Ca. Fervidibacter sac-
chari to grow solely on casamino acids [67]. The Ca. F. 
antarcticus genome also encoded Group 2a NiFe hydro-
genases which are high-affinity hydrogenases that enable 
the survival of soil heterotrophs under carbon limitation 
[68] and enable hydrogenotrophic growth of autotrophic 
nitrite-oxidizing bacteria under nitrite limitations [69]. 
The Ca. F. antarcticus genome also encoded a cluster of 
putative CODH genes (coxMLS), which contained the 
hallmark motif, AYXGAGR, of type II CODH, indicating 
a low, incidental activity [66]. No carbon fixation path-
ways were found.

Discussion
Metagenome functional profiles
Mt. Erebus has evolved over time, starting with seafloor 
rifting and growing as a subaerial volcano into a modern-
day stratovolcano [2]. The current conditions at Tramway 
Ridge differ remarkably from other extant non-Antarctic 
terrestrial and marine hydrothermal systems, being pri-
marily driven by the unique phonolite magmatic source 
resulting in alkaline fumaroles with low sulphidic con-
tent. It is unknown how long geothermal features such 
as the fumaroles at Tramway Ridge have been present 
on Mt. Erebus; however, volcanism was once widespread 
across the Ross Island massif [1]. Extant geothermal fea-
tures may represent a once widespread ecosystem of sim-
ilar features. Given this complex history of Mt. Erebus, 
we questioned whether the Tramway Ridge community 
has retained a legacy signature of its origin on the sea-
floor or if the modern-day Tramway Ridge community 
better resembles other terrestrial hydrothermal sites.

To answer this question, we compared functional pro-
files of assembled Tramway Ridge metagenomes to a 
large set of publicly available metagenomes. Metagen-
omes from Tramway Ridge were distinct from all oth-
ers (Fig. 2c) but showed the most similarity to terrestrial 
hydrothermal environments such as hot springs and asso-
ciated sediments. This indicates that the legacy of a sea 
floor origin is less important than the extant conditions 
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at Tramway ridge in defining the microbial community. 
This is also reflected in the prevalence of taxa at Tramway 
Ridge that are found in other terrestrial hydrothermal 
environments but not in seafloor hydrothermal systems, 
such as the genera Mastigocladus, Caldithermus, Meio-
thermus and phyla such as the Chloroflexota, Armati-
monadota and Actinobacteriota.

The unique nature of Tramway Ridge metagenomic 
profiles likely reflects the site’s relatively low diversity 
[4] and the type of functional profile analysis used here. 
First, pfams were used, which are very coarse functional 
units. Second, gene abundance was not available for 
most metagenomes, so we were forced to use presence-
absence as data. Third, we found that the use of pfam 
presence-absence was sensitive to metagenome assembly 
size as well as the total number of unique pfams detected. 
In combination, these features had the potential to obfus-
cate any meaningful relationships. Our analysis was opti-
mized to be as permissive as possible, allowing as many 
metagenomes into the analysis while still comparing like 
against like. Using this strategy, we were able to compare 
Tramway Ridge metagenomic datasets to 4513 out of 
7652 publicly available and unrestricted metagenomes.

Within continental Antarctica, only three known sur-
face-expressed active geothermal areas exist (Mt. Ritt-
mann, Mt. Melbourne and Mt Erebus), each of which is 
separated by vast ice fields [7]. It is thought that intercon-
tinental transport of microbe-bearing particulates into 
Antarctica occurs much less frequently than intraconti-
nental transport [70], suggesting that the introduction of 
exogenous microbes is relatively infrequent. Recent stud-
ies have used database searches to identify potentially 
endemic species [71], and a lack of sequence identity to 
database entries has been used in the past to suggest that 
novel sequences indicate endemism [4]. However, defin-
ing endemism based on whether sequence matches exist 
within a database can be problematic as this definition 
is sensitive to database composition. Conclusions drawn 
may not withstand the inevitable growth in database 
size and the diversity it holds. For this study, we took an 
alternative approach and attempted to define the degree 
of endemism of a given taxon as being proportional to 
the in  situ diversity of that taxon. For these inferences, 
we assumed that rare colonization events have been lim-
ited to single clones due to the extreme isolation of Mt. 
Erebus. Therefore, populations arising from recently 
introduced taxa would be expected to exhibit relatively 
low levels of genetic polymorphism and endemic micro-
bial populations would be expected to show high levels of 
genetic polymorphism.

We developed the endemicity index (EI) (Fig.  3F), 
focused on accumulations of synonymous mutations, 
which were assumed to be under reduced selection 

pressure. We used the EI to assess the diversity of a 
microbial population represented by a MAG. Similar cal-
culations have been successfully applied to approximate 
effective population size and genomic fluidity [72]. High 
values (e.g. 10–2) of EI indicate high diversity which we 
interpreted as reflecting a neutral evolutionary process 
occurring under minimal contemporary selection pres-
sures. Low values (e.g. 10–6) indicate low diversity, which 
we interpreted as possible evidence of a relatively recent 
arrival, a local population bottleneck, or a recent selec-
tive sweep.

A cyanobacterium belonging to either the Fischerella 
or Mastigocladus genus recovered the lowest median EI 
value (1 × 10–5) for a single species. This species domi-
nated the near-surface. Although difficult to distinguish 
these two genera based on 16S rRNA gene sequence and 
GTDB classifies all members of the genera Fischerella 
and Mastigocladus as Fisherella, the distinction of Mas-
tigocladus is recognized as a distinct genus by the List 
of Prokaryotic names with Standing in Nomenclature 
(LPSN). Therefore we classified this MAG as a member 
of the Mastigocladus genus to be consistent with the clas-
sification of specimens collected from Tramway Ridge in 
the past [73]. The low in situ diversity observed for this 
taxon was consistent with previous studies that showed 
that the global phylogeography of Mastigocladus reflects 
a geologically recent radiation from Yellowstone National 
Park, USA [74] and that the surface-associated microbial 
community at Tramway Ridge is likely dominated by aeo-
lian-distributed cosmopolitan members of non-Antarctic 
temperate and terrestrial hydrothermal soil communities 
[4].

We identified Candidatus Australarchaeum erebuse-
nse (ERB_5_1) and Candidatus Fervidibacter antarcticus 
(ERB_15_1) as two MAGs with relatively high EI values 
and abundance in the subsurface at depths greater than 
2  cm (Fig.  3f, Fig.  3g). In our earlier amplicon-based 
study, these two taxa were similarly identified as domi-
nant, potentially endemic, and associated with the sub-
surface, but were referred to as “Thaumarchaeota-like 
archaeon” and OCtSpA1-106 respectively [4].

The most abundant subsurface-associated organism 
recovered was Candidatus A. erebusense (ERB_5_1), 
a member of the Nitrososphaeria (formerly Thaumar-
chaeota). This class of Archaea is a globally distributed 
group that is best known for the chemolithoautotrophic 
oxidation of ammonia [75] and for the apparent univer-
sal synthesis of cobalamin [76]. However, several deeply 
divergent lineages of Nitrososphaeria identified through 
the construction of MAGs [50, 63, 77] and a single cul-
tivated species, Candidatus Conexivisphaera calidus 
NAS-02 [78] have been shown to lack these hallmark 
attributes. These deeply diverging lineages have been 
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predicted to be predominantly anaerobic heterotrophs 
[63, 77] capable of beta oxidation of fatty acids and 
protein/peptide degradation [78, 79]. Candidatus A. 
erebusense (ERB_5_1) is one of the deepest-branching 
members of the Nitrososphaeria (Fig. 3b) and like other 
deeply diverging lineages, it encodes genes for the beta 
oxidation of fatty acids and peptide degradation while 
lacking marker genes for cobalamin biosynthesis and 
ammonia oxidation (Table  S6). Candidatus A. erebuse-
nse may also employ amino acid-based oxidation, simi-
lar to a pathway used by Thermococcus kodakarensis [80] 
and a proposed alternative metabolism for Ca. Nitroso-
caldus islandicus [64], a representative of thermophilic 
ammonia oxidizing archaea (AOA). In this proposed 
metabolism, glutamate could be utilized to generate both 
reducing power and ATP to power the cell.

However, Ca. A. erebusense is also predicted to respire 
oxygen, a unique prediction among its closest, pre-
sumably anaerobic relatives. It encodes two aa3-type 
(low-affinity) cytochrome C-oxidases which could pre-
sumably drive beta oxidation of fatty acids. However it 
is unclear whether aerobic respiration could be coupled 
with an amino acid degradation pathway, which is typi-
cally thought to be an anaerobic metabolism [64, 80]. It is 
unclear if these energy-generating pathways are mutually 
exclusive and operate under specific oxidative conditions. 
At least during summer, oxygen levels in the subsurface 
are around 30% saturation [4] and therefore, no organ-
isms inhabiting the fumaroles are likely to be obligate 
anaerobes. However, it is also reasonable to assume that 
the wet, steamy subsurface experiences anoxia at least 
at small spatial scales. Therefore, we hypothesize that 
Ca. A. erebusense switches between metabolic pathways 
depending on the oxic environment, using beta-oxidation 
of fatty acids when oxygen levels are sufficiently high and 
peptide fermentation when oxygen levels are low. CO 
metabolism is likely to be used for maintenance during 
times of nutritional stress, as has previously been shown 
for Antarctic soil microbes [54].

Another abundant subsurface MAG examined in detail 
belongs to the thermophilic genus Candidatus Fervidi-
bacter, which was first discovered in Octopus Spring, 
Yellowstone National Park (clone OctSpA1-106, [81]. 
The genus is named after Ca. Fervidibacter sacchari, 
which encodes a large repertoire of carbohydrate-active 
enzymes (CAZymes) [82] and which has recently been 
isolated and described [67]. Like other Ca. Fervidibac-
ter, Ca. F. antarcticus (ERB_15_1) encodes a significant 
number and diversity of CAZymes including a large, 
diverse cohort of the unusual and poorly characterized 
GH109 family. Previous findings suggest that these novel 
enzymes are involved in extracellular polysaccharide 
metabolism unique to thermophilic systems [67, 83, 84] 

with the diversity of Ca. F. antarcticus GH109s suggest-
ing a diverse and unique polysaccharide utilization pro-
file typical of this genus. Interestingly, Ca. Fervidibacter 
genomes, including Ca. F. antarcticus appear to also 
encode mechanisms that enable growth on casamino 
acids [67], [67]. The encoded hydrogenase and CODH 
are likely maintenance mechanisms to enable survival 
under carbon limitation with growth primarily supported 
through aerobic heterotrophic growth on saccharides 
and anaerobic growth on amino acids.

Conclusion
In the current study, we have used metagenomics to 
assess several aspects of the microbial community inhab-
iting the fumarolic soils of Tramway Ridge, Mt. Erebus, 
Antarctica. We observed a shared functional repertoire 
between Tramway Ridge and other geothermal systems, 
specifically terrestrial hydrothermal systems such as 
hot springs. We then assessed metagenome-assembled 
genomes (MAGs) using a novel measure to identify two 
potentially endemic taxa that are more abundant in the 
Tramway Ridge subsurface (> 2 cm depth) than the near-
surface (< 2  cm depth). We named these two taxa Can-
didatus Australarchaeum erebusense and Candidatus 
Fervidibacter antarcticus to reflect that they were first 
observed at Mt. Erebus (Ca. A. erebusense) or that this 
is the first time this genus has been describved from 
Antarctica (Ca. F. antarcticus). A close examination of 
the metabolic repertoire of these taxa revealed that they 
are likely both facultative anaerobic heterotrophs that 
specialize in using different carbon sources under aero-
bic conditions, but that use similar organic compounds 
during anaerobic growth. Like other deep-branching 
non-AOA Nitrososphaeria, Ca. A. erebusense possesses 
a putative pathway for the beta-oxidation of fatty acids. 
Like other Candidatus Fervidibacter, Ca. F. antarcticus 
is predicted to utilize sugars and scavenge hydrogen gas 
under aerobic conditions [82, 85]. Under oxygen-limited 
conditions, both may utilize similar peptides and amino 
acids for energy and carbon acquisition. We hypothe-
size that this pattern of metabolic utilization may reflect 
the extreme and carbon-limiting C:N ratios (1:3 to 3:1) 
encountered at Tramway Ridge. Dominant taxa may 
share nitrogen-rich compounds such as peptides and 
amino acids since the demand for such compounds may 
not be as high as for carbon-rich compounds. Instead, 
different taxa specialize in utilizing specific carbon com-
pounds (sugars vs. fatty acids) through selective exclu-
sion, allowing both to co-exist by carving out specific 
nutritional niches. Each is also equipped with form II 
aerobic carbon monoxide dehydrogenase genes that may 
provide maintenance energy during times of starvation. 
Together, these insights provide an unprecedented view 
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into the dominant metabolic processes that may sustain 
life in this harsh, isolated environment.
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