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Mt. Erebus, Antarctica, is the world’s southernmost active volcano and is unique in its
isolation from other major active volcanic systems and its distinctive geothermal systems.
Using 16S rRNA gene amplicon sequencing and physicochemical analyses, we compared
samples collected at two contrasting high-temperature (50°C-65°C) sites on Mt. Erebus:
Tramway Ridge, a weather-protected high biomass site, and Western Crater, an extremely
exposed low biomass site. Samples were collected along three thermal gradients, one
from Western Crater and two within Tramway Ridge, which allowed an examination of
the heterogeneity present at Tramway Ridge. We found distinct soil compositions between
the two sites, and to a lesser extent within Tramway Ridge, correlated with disparate
microbial communities. Notably, pH, not temperature, showed the strongest correlation
with these differences. The abundance profiles of several microbial groups were different
between the two sites; class Nitrososphaeria amplicon sequence variants (ASVs)
dominated the community profiles at Tramway Ridge, whereas Acidobacteriotal ASVs
were only found at Western Crater. A co-occurrence network, paired with physicochemical
analyses, allowed for finer scale analysis of parameters correlated with differential
abundance profiles, with various parameters (total carbon, total nitrogen, soil moisture,
soil conductivity, sulfur, phosphorous, and iron) showing significant correlations. ASVs
assigned to Chloroflexi classes Ktedonobacteria and Chloroflexia were detected at both
sites. Based on the known metabolic capabilities of previously studied members of these
groups, we predict that chemolithotrophy is a common strategy in this system. These
analyses highlight the importance of conducting broader-scale metagenomics and
cultivation efforts at Mt. Erebus to better understand this unique environment.
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Erebus Thermal Gradients

INTRODUCTION

Geothermal areas are dominated by microscopic life capable
of thriving under extreme physicochemical conditions (Shu
and Huang, 2021). The extreme selective pressures at geothermal
sites drive the evolution of unique metabolic pathways and
physiological adaptations in the resident microflora, challenging
our perception of the limits of life (Fields, 2001; Belilla et al.,
2021; Mueller et al., 2021). Terrestrial geothermal sites, distributed
across the planet, are characterized by features such as hot
springs, fumaroles, geysers, and localized hot soil sites (Inskeep
et al., 2013; Mardanov et al., 2018; Power et al., 2018). Gradients
in physicochemical parameters are commonly formed at the
transition between isolated surface geothermal features and
the surrounding non-geothermal environment. These gradients
provide opportunities to examine how physicochemical
parameters affect microbial community structures (Nakagawa
and Fukui, 2002; Norris et al., 2002; Miller et al., 2009) and
to explore microbial strategies for growth in these conditions
(Takacs-Vesbach et al., 2013; Weltzer and Miller, 2013; Beam
et al., 2014).

Studies of the impact of geothermal activity on microbial
diversity in polar regions are limited, as these areas are often
remote and difficult to access. Polar and subpolar geothermal
sites include those in Iceland, Kamchatka, continental Antarctica,
and sub-Antarctic islands such as Deception Island and the
Sandwich Islands (Boyd et al., 1990; Marteinsson et al., 2001;
Herbold et al., 2014b; Mardanov et al., 2018). The microbial
diversity at the few confirmed geothermal sites in Antarctica,
which include sites in Marie-Byrd Land and three volcanoes
in Victoria Land, has been poorly studied (Broady et al., 1987;
Bargagli et al.,, 2004; Soo et al., 2009; Herbold et al., 2014a).
The three active volcanoes in Continental Antarctica are Mt.
Rittman, which was discovered relatively recently and only
harbors one geothermal site (Bargagli et al., 2004), Mt. Melbourne,
a stratovolcano with geothermal features that include ice
hummocks, ice towers, and hot soil spots (Broady et al., 1987),
and Mt. Erebus on Ross Island.

Mt. Erebus, at 3,794m, is the second tallest volcano in
Antarctica and the southernmost active volcano on the planet
(Sims et al., 2021). Over the past decades, Mt. Erebus, classified
as a phonolitic stratovolcano, and the many geothermal features
on its summit have been extensively characterized (Kelly et al.,
2008; Sims et al., 2021). Mt. Erebus is exceptional in its isolation
from other large, active volcanic sites (Barker and Burrell,
1977), the presence of a persistent lava lake in the main crater
that undergoes daily strombolian eruptions (Calkins et al,
2008; Kelly et al, 2008), its continuous gas production
(Oppenheimer et al, 2011), and the high variation in gas
composition across the summit (Ilanko et al., 2019). Many of
the geothermal features are concentrated into five large geothermal
fields: Main Crater, Side Crater, Western Crater, Tramway Ridge,
and Ice Tower Ridge (Figure 1B). The geothermal features
scattered across these fields include ice caves, ice chimneys,
active steaming fumaroles, and large areas of ice-free hot soil.
The persistently low air temperatures on Mt. Erebus result in
the generation of steep temperature gradients moving away

from individual geothermal features, with temperatures dropping
over 60°C within only 10cm (Soo et al, 2009). Probably the
best-studied geothermal site on Mt. Erebus is Tramway Ridge,
which lies at the terminus of an ancient lava flow and is
relatively protected from the wind due to surrounding topography.
Here, active fumaroles can reach 65°C, while the adjacent,
slightly cooler soil supports well-established cyanobacterial mats
and thick moss beds (Broady, 1984; Skotnicki et al., 2001).

Microbiological investigations at Mt. Erebus started with
the isolation of novel strains of Bacillus, Micrococcus, and
Clostridium (Ugolini and Starkey, 1966; Hudson et al., 1988,
1989; Hudson and Daniel, 1988; Nicolaus et al., 2001), resulting
in the identification of a novel proteinase that is now commercially
available (Coolbear et al., 1992). Culture-independent studies
have been confined to Tramway Ridge (Soo et al., 2009; Herbold
et al., 2014a; Vickers et al., 2016) and ice caves (Tebo et al.,
2015). The Tramway Ridge studies found an abundance of
novel and possibly endemic microorganisms, with pH and
temperature being correlated with the microbial community
structure and composition around individual fumaroles and
increasingly novel microbial taxa with depth in the soil (Soo
et al.,, 2009; Herbold et al., 2014a).

We undertook a comparative analysis of the physicochemical
parameters and soil microbial communities across thermal
gradients between two geochemically disparate sites on Mt.
Erebus, Tramway Ridge, and Western Crater. These two sites
were chosen to allow a comparison of a relatively sheltered
site with high biomass, Tramway Ridge (Soo et al., 2009), and
a more exposed site, Western Crater, which lacks active fumaroles
and visible phototrophic mats (Panter and Winter, 2008). Two
thermal gradients within Tramway Ridge were also analyzed
to examine within-site heterogeneity at this higher productivity
site. These three transects were examined through 16S rRNA
gene amplicon sequencing and physicochemical analyses to
assess the impact of temperature and geochemistry on microbial
community composition and structure. We hypothesized that
the distinct soil physicochemistry would correlate with distinct
microbial communities between the two sites and within
Tramway Ridge, supported by distinct metabolic strategies.

MATERIALS AND METHODS

Site Description and Soil Collection

Soil samples were collected from two sites on Mt. Erebus,
Antarctica, in November 2019. These included samples along
two transects on Tramway Ridge (TR), 10m apart (—77.519444
and 167.116389 DD), and one along a transect in Western
Crater (WC; —77.519167 and 167.187778 DD; Figures 1A,B).
Tramway Ridge is an Antarctic specially protected area (ASPA)
at an elevation of approximately 3,450m on the northwest
slope of Mt. Erebus. It is an 80 m? area located at the terminus
of a phonolite lava flow with many active fumaroles that support
extensive moss beds and cyanobacterial mats (Broady, 1984;
Skotnicki et al., 2001). Western Crater is a smaller site with
less fumarole activity (Wardell et al., 2003), located 1km from
Tramway on the southwestern side of Mt. Erebus at an elevation
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United States (2019).

FIGURE 1 | (A) Satellite image of Antarctica (top left inset, red rectangle indicates Victoria Land); main image shows Victoria Land and Ross Island, with Mt. Erebus
(=77.53 and 167.17 DD) identified in the red rectangle. (B) The sampling sites on Mt. Erebus (red rectangles), Tramway Ridge (—77.519444 and 167.116389 DD)
and Western Crater (—77.519167 and 167.187778 DD), and other main geothermal features on the Mt. Erebus summit. Satellite image in (A) is from the Antarctic
Digital Database Map Viewer https://www.add.scar.org/, Open Source. Satellite image in (B) was purchased from DigitalGlobe Incorporated, Longmont CO

of 3,550m, and with no noticeable moss or established
cyanobacterial mats. Soil temperatures were measured in situ
at both sites with a Checktemp 1C electronic temperature
sensor (Hanna Instruments, Rhode Island, United States) to
identify the greatest temperature soil (50°C-65°C) and establish
a temperature gradient at 5°C-20°C intervals away from the
hot spot (Supplementary Table 1). Samples were collected at
these temperature intervals by discarding the top centimeter
of soil and collecting the next 2cm of soil using a sterile
spatula. Samples were placed into sterile 50 ml tubes and frozen
for transport back to the University of Waikato (Hamilton,
New Zealand) for analysis.

Geochemistry
Soil samples were characterized using a variety of geochemical
analyses, conducted at the University of Waikato Analytical
facilities. Elemental composition (B, Na, Mg, P, K, Ca, V, Cr,
Fe, Mn, Co, Ni, Cu, Zn, Ga, As, Se, Sr., Ag, Cd, Ba, Tl, Pb,
and U) was measured with an Agilent 89,000 ICP-MS (Agilent
Technologies, Santa Clara, California, United States). Each
sample (1g) was ground using a Mixer Mill MM 400 (Retsch,
Haan, Germany) at a frequency of 27.5Hz for 1min and 50s,
acid digested with HCl and HNO; at 80°C for 30 min, diluted
to 100ml in MilliQ water, filtered with a 0.45uM filter to
remove soil particles, and diluted to an acid: water concentration
of 1:5. A 10ml aliquot from each sample was acidified with
200l of HNO; before ICP-MS analysis.

pH and electroconductivity (EC) were measured by adding
MilliQ water to soil samples at a 1:2.5 soil:water ratio. pH
was measured using a HI2213 Basic pH/ORP/°C Meter /with
3-Point Calibration (Hanna Instruments, Rhode Island,

United States). EC was measured using a thermo scientific
orion 4-Star Benchtop pH/Conductivity Meter (Thermo Fisher
Scientific). For gravimetric water content (GWC) measurements,
3 g of soil samples was dried at 105°C until the sample weight
remained unchanged. GWC was calculated as the percentage
of weight loss during drying (Herbold et al., 2014a). For total
carbon and nitrogen measurements, dried samples were ground
as above and 100mg of each sample was measured on a
CHNOS elemental analyzer (Elementar, Langenselbold, Germany)
in the Stable Isotope Facility at the University of Waikato.

DNA Extraction, Amplification, and
Sequencing

Genomic DNA was extracted from 0.5 to 0.9g of each soil
sample using a CTAB/bead beating method (Herbold et al,
2014a), adapted by extending the incubation time to an hour.
Where DNA vyield was low, multiple (2-3) extractions were
carried out and the DNA subsequently pooled. Genomic DNA
was quantified using a Qubit 2.0 Fluorometer (Thermo Fisher
Scientific, Massachusetts, United States).

The 16S rRNA gene (V4-V5 region) was amplified by PCR
using the 515F (Parada) and 926R (Quince) primers (Caporaso
et al., 2018; Ul-Hasan et al., 2019), adapted as fusion primers
for Ion Torrent sequencing by including a unique tag and
IonXpress barcode to distinguish individual samples and enable
Ion Torrent sequencing (Whiteley et al., 2012). This primer
set exhibits very high coverage of archaea and bacteria and
is one of the most widely used (Parada et al., 2016). The 20l
reaction mixture included 0.24mM dNTPs, 1.2xPCR buffer,
6mM MgCl,, 0.016 mg/ml BSA, 0.2mM of each primer, 0.024 U
Taq polymerase (Thermo Fisher Scientific, Massachusetts,
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United States), and 9ng of genomic DNA, except for one
sample (WC20) that contained 3ng DNA due to low DNA
yield. The reaction conditions were as: initial denaturation
(94°C), 3min; 30cycles of 94°C for 45s, 50°C for 1min, and
72°C for 1.5min; and final extension was 72°C for 10min.
All PCR reactions were run on an Applied Biosystems ProFlex
PCR System (Thermo Fisher Scientific). PCR reactions were
run in triplicate to account for possible PCR bias; quality was
checked using electrophoresis gels. Following pooling of triplicate
PCR products from each sample, 25pl of each was treated
with Invitrogen SequalPrep Normalization (Thermo Fisher
Scientific) to purify, normalize the PCR product concentration,
and remove DNA fragments smaller than 100bp. The Ion
Torrent amplicon library was constructed using 2pl from each
purified PCR product and quantified via Qubit 2.0 Fluorometer
(Thermo Fisher Scientific). The library was prepared for
sequencing using the Ion PGM™ Template IA 500 preparation
kit and the Ion PGM™ Hi-Q™ View Sequencing kit (Thermo
Fisher Scientific) and was then added to an Ion 318™ Chip
Kit v2 BC (Thermo Fisher Scientific). Samples were sequenced
on an Ion Torrent PGM (Thermo Fisher Scientific) at the
University of Waikato DNA Sequencing Facility.

Sequence Quality Control and Taxonomic
Assignment

The raw 16S rRNA gene amplicon sequences from the Ion
Torrent PGM were processed using the DADA2 pipeline
according to a previously published workflow using default
settings with additional parameters recommended for Ion Torrent
(HOMOPOLYMER_GAP_PENALTY=-1, BAND_SIZE=32;
Callahan et al., 2016). Chimeras were removed with the
removeBimeraDenovo function using the method “consensus.”
Taxonomy was assigned with the function assignSpecies using
the native implementation of the naive Bayesian classifier and
the SILVA database version 138.! Eukaryotic, mitochondrial,
and chloroplast sequences were removed and an unrooted
phylogenetic tree was built with the neighbor-joining method,
maximizing the likelihood with a gamma model distribution,
using the decipher (Wright, 2016) and phangorn (Schliep, 2011)
packages in R.

After 16S rRNA gene sequence reads were filtered for quality,
four samples (TR152, TR234, WC20, and WC40) showed lower
read counts than the rest of the samples (3,000-8,000 reads
compared to >15,000 reads; Supplementary Figure 1A). Despite
this, the median read count of samples from each transect
was similar (25,000-30,000; Supplementary Figure 1B). When
the Unifrac distances between samples were plotted using
Principal Coordinates Analysis (PCoA) for either all samples
or the set without the four low-read samples, a very similar
amount of variation was explained by both axes (36.9% vs.
35.3% for axis 1, with/without low-read samples, respectively;
Supplementary Figures 1C,D). Finally, rarefaction curves of
ASVs showed that the low-read samples reached a plateau,
indicating that the sampling of microbial diversity in these

'https://doi.org/10.5281/zenodo.3986799

low-read samples was adequate (Supplementary Figure 1E).
For these reasons, combined with the limited number of these
rare samples to work with, all biological samples were retained
for further analyses.

Statistical Analyses

All statistical analyses were conducted in R (R Core Team,
2020), with plots obtained with ggplot2 v3.3.5 (Wickham, 2009)
and edited for esthetics in Inkscape’; data analysis was performed
with tidyverse v1.3.1 (Wickham et al,, 2019). A two-sided t-test
was performed to test for pairwise differences in physicochemical
factors between different sampling site locations. A Spearman’s
correlation coeflicient was performed to test for significant
correlations between temperature and environmental parameters
or elements at either of the sites or either of the Tramway
Ridge transects. Microbial community structure was assessed
with a principal coordinates analysis (PCoA) of center log-ratio
transformed (CLR) sequence abundance on a Unifrac distance
matrix using phyloseq v1.32.0 (McMurdie and Holmes, 2013).
CLR transformation was performed using the microbiome
package v1.12.0 (Lahti and Shetty, 2017). Statistical differences
were evaluated with a permutational analysis of variance
(PERMANOVA) after testing that samples did not differ
significantly in their dispersion by an analysis of multivariate
homogeneity (PERMDISP), both using the R package vegan
v2.5-7 (Oksanen et al., 2020). Alpha diversity was also assessed
with the R package vegan, using the Shannon index. Venn
diagrams were plotted using the R package VennDiagram
v1.16.20 (Chen and Boutros, 2011) to portray the unique ASV's
in each transect. A Mantel test with 999 permutations was
employed to correlate physicochemical factors with the microbial
community structure, using the vegdist function in vegan.
Factors identified as significant by this test (p< 0.05) were
plotted using a distance-based Redundancy Analysis (dbRDA)
in the capscale function from vegan with the CLR transformed
sequence abundances used above.

Random Forest Analysis

Random Forest modeling employing the R package randomforest
v4.6-14 (Liaw and Wiener, 2002) based on 1,000 decision
trees was used to predict the importance of each ASV for
distinguishing between the two Tramway Ridge transects and
between the Tramway Ridge and Western Crater sites. Before
the Random Forest modeling, the filtered ASV set was trimmed
to reduce noise, retaining ASVs that had >10 reads in >2
samples, which reduced the number of ASVs from 940 to
350. Read counts of remaining ASVs were CLR transformed
as above. The ability of the random forest to classify ASVs
based on site and transect was assessed with the package caret
(v6.0.86) and exhibited an accuracy (area under the receiver
operating characteristic curve) of 1 (95% confidence
interval=0.59-1, value of p=0.02; Kuhn, 2017). To identify
the key ASVs for distinguishing sites, ASVs identified by the
Random Forest algorithm as having a mean decrease Gini

*https://www.inkscape.org
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value (MDG) above zero were plotted on a scree plot (Roguet
et al., 2018). The breakpoint of this scree plot was found to
be an MDG of 0.06; ASVs with an MDG above this value
were retained for plotting.

Network Analysis

Co-variation network analysis was performed to determine the
co-variation of ASVs in our data set. The analysis was conducted
in R with the 16S rRNA gene amplicon sequence dataset,
trimmed to retain ASVs with >10 reads in >3 samples (217
ASVs) for ease of visualization. The network was calculated
with the SPIEC-EASI function in the SpiecEasi package v1.1.1
(Kurtz et al, 2015) wusing the Meinshausen-Buhlmann
Neighborhood Selection method with 50 repetitions. The mean
CLR abundance of ASVs was used as the node size. The
modularity of the network was calculated using igraph v1.2.6
(Csardi and Nepusz, 2006) with the undirected fast greedy
modularity optimization algorithm. The network was plotted
using the plot_network function of phyloseq. Due to the small
number of overlapping ASVs between sample sites and the
small sample set we are working with, our resulting network
cannot distinguish co-occurrences that are the result of interacting
microbes and those that are due to similar habitat preference
(Berry and Widder, 2014).

RESULTS

Soil Geochemistry Characterization

Tramway Ridge and Western Crater samples showed different
physicochemistry. This was apparent from an initial Principal
Coordinates Analysis (PCoA), where Western Crater samples
clustered along both axes (Supplementary Figure 2A). This
pattern was more pronounced when elemental chemistry data
were removed from the analysis, which also increased the
amount of variation explained by the primary dimension (61%
without elemental chemistry vs. 40% with elemental chemistry;
Supplementary Figure 2B).

The average values of many physicochemical parameters
were significantly different between the two sites (two-sided
t-test, p< 0.05; Figure 2, Supplementary Table 1; elements
shown are significantly different between sites, had significant
trends with temperature, or are potentially important from a
microbial metabolism perspective; all measured elements are
provided in Supplementary Table 2). The average pH was
greater at Western Crater (8.02; ranged from 6.93 to 9.20)
than Tramway Ridge (4.89; ranged from 4.04 to 6.20; p = 3.9E-5;
Figure 2A). Western Crater had significantly lower average
values than Tramway Ridge for gravimetric water content (GWC;
p= 0.001), electroconductivity (EC; p= 0.006), total carbon
(TC; p= 0.03), and total nitrogen (TN; p= 0.005; Figure 2A).
The concentrations of multiple elements were significantly
different between the two sites; several other elements, notably
S, had higher average values at Tramway Ridge than Western
Crater (864 ppb at Tramway Ridge vs. 487 ppb at Western Crater
for S), although this difference was not significant (Figure 2C).
Tramway Ridge also had increased Pb**/Pb*” ratios compared

to  Western  Crater  (Supplementary  Figure 4B,
Supplementary Table 2). Several parameters and elements had
significant, positive correlations with temperature at Western
Crater (Spearman’s correlation coefficient, p< 0.05); notably,
pH showed an increase with temperature at Western Crater,
but not Tramway Ridge (Figure 2B, Supplementary Figure 4B).

Within Tramway Ridge, the two individual transects sampled
showed distinctive profiles despite many similarities in soil
geochemistry (Supplementary Figure 4). Tramway Ridge transect
2 (TR2) had higher averages than transect 1 (TR1) for pH
and EC (Supplementary Figure 4A), although these differences
were not significant (p= 0.1 and 0.4 for pH and EC). Similarly,
when comparing the same elements of interest as identified
in the between sites comparison, TR2 had higher, albeit
non-significant, average concentrations of several elements
(Supplementary Figure 4C). TR1 had a much higher average
Pb*®/Pb*” ratio than TR2 (Supplementary Figure 4B,
Supplementary Table 2).

Effects of Geochemistry on Diversity
Tramway Ridge samples had greater DNA yield (0.02-3.3pg
DNA/g soil) than Western Crater (0.005-0.164pg DNA/g soil;
Supplementary Table 1). The alpha diversity (Shannon Index)
ranged from 2.5 to 5.0 across all samples, with the largest
species richness at Western Crater (Supplementary Figure 5A).
A total of 940 ASVs, 25 archaeal and 915 bacterial, were
identified across all samples, with the largest number of unique
ASVs (496) at Western Crater (Supplementary Figure 5B).
The two Tramway Ridge transects shared the most ASVs (106;
Supplementary Figure 5B). Only 43 ASVs, comprising 5% of
total ASVs, were found at all three transects
(Supplementary Figure 5B). 6% of all reads could not
be assigned to a phylum and 58% of reads were unassigned
at the genus level, highlighting the large number of novel
microbes inhabiting Mt. Erebus geothermal soils.

The microbial community composition at Western Crater
was significantly different from the composition at both Tramway
Ridge transects (p< 0.01), but no significant difference was
found between the two Tramway Ridge transects (p= 0.15;
pairwise PERMANOVA test). When biological samples were
plotted using Unifrac distances with PCoA, the primary axis
(explained 33.1% of variation) separated Western Crater samples
from the Tramway Ridge samples (Supplementary Figure 2C),
as in the environmental data (Supplementary Figure 2B),
indicating these could be correlated. Again, no clustering was
observed within the two Tramway Ridge transects
(Supplementary Figure 2C).

To explore the impact of environmental factors on the
microbial diversity at these sites, a distance-based Redundancy
Analysis (dbRDA) was employed using physicochemical
parameters and elements that were significantly correlated
(Mantel test, p< 0.05) with the microbial communities
(Figure 3A). The high pH and P of Western Crater samples
were associated with community composition (Figure 3A). The
community composition of Tramway Ridge samples was
associated with multiple parameters, especially GWC, EC, TN,
and temperature (Figure 3A). Within Tramway Ridge, pH, Fe,
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FIGURE 2 | Comparison of soil physicochemistry between Tramway Ridge (TR) and Western Crater (WC). (A,C) Boxplots for (A) each environmental parameter
and (C) elements of interest that were significantly different between the two sites, showed significant trends with temperature, or are potential substrates for
microbial metabolism. (B) Line plots showing the variation with temperature of environmental parameters and elements that were significantly correlated
(Spearman’s correlation coefficient, p <0.05) with temperature at one of the two sites; all significant correlations were found at WC. Elements were grouped by their
patterns of difference between sites. * indicates significant difference between samples from the Western Crater transect and both Tramway Ridge transects (two-
sided t-test, p<0.05). Ppb: concentration in parts per billion. GWC: gravitational water content. TC: total carbon; TN: total nitrogen.

Cu, and Zn were associated with the microbial community
composition at the highest pH samples (TR2-64, TR2-34, and
TR1-52; Figure 3B). Thus, pH was found to be the most
important determinant of community composition both between
sites and within Tramway Ridge.

Random Forest Analysis
We initially noticed several domain and phylum-level differences
in the microbial communities between the two sites. At the
domain level, Tramway Ridge samples showed much higher
relative sequence abundances (13%-57%) of Archaea than Western
Crater samples (0.5%-7%; Figure 4A). The greatest relative
abundance of Archaea was found in sample TR1-32, where ASV
1 (phylum Crenarchaeota) dominated the sample set (57% of
reads; Figure 4B). Notably, there were many more ASVs from
low abundance phyla (< 1% relative sequence abundance) at
Western Crater, which contributes to explaining the greater alpha
diversity ~observed there (Supplementary Figure 5B).
Proteobacteria and Chloroflexi were the only phyla present across
all samples (Figure 4B).

To identify the key groups of ASVs that reflected differences
in the microbial communities between the two sites and within

Tramway Ridge transects, a Random Forest classification
algorithm was used. The algorithm successfully discriminated
between samples from Western Crater and Tramway Ridge
(area under curve, AUC, 1, p=0.02) as well as samples from
all three transects (AUC 1, p=0.003). Center log-ratio
transformed (CLR) sequence abundances for the ASVs that
were found to be the most important for discriminating
between the three transects (mean decrease in Gini value,
MDG, > 0.06) are shown in Figure 5, with full taxonomy
given in Supplementary Table 4.

The abundance profiles of ASVs from several phyla were
important for the algorithm to distinguish between the
communities at the two sites. ASVs from a few phyla (primarily
Acidobacteriota, Chloroflexi, and Planctomycetota) were present
at Western Crater, not Tramway Ridge (Figure 5,
Supplementary Table 4). On the other hand, ASVs from multiple
phyla were present at Tramway Ridge, not Western Crater; of
note are ASVs from Crenarchaeota, Chloroflexi, Deinococcota,
and Firmicutes. Several ASVs that were primarily found at
Tramway Ridge were constrained to one of the two Tramway
Ridge transects, allowing discrimination between transects. ASV's
primarily found in TR1 samples and not TR2 include ASVs
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FIGURE 3 | A distance-based Redundancy Analysis (dbRDA) of 16S rRNA gene ASV profiles, which were center log-ratio transformed and constrained by the
physicochemical parameters identified as significantly (Mantel test, p <0.05) affecting the microbial community composition either (A) between Western Crater and
Tramway Ridge, or (B) within Tramway Ridge. Ordination was constructed using Unifrac distances among samples. The shape represents the site/transect of origin
for the sample, color represents the pH of the sample as pH was identified as being most important for distinguishing samples between sites. The percentages on
the axes correspond to the variance in biological samples explained by the combination of the selected environmental parameters. The arrow direction for each
environmental factor represents the variance direction for that parameter. TR: Tramway Ridge site; WC: Western Crater site; TR1: Tramway Ridge transect 1; TR2:
Tramway Ridge transect 2; GWC: gravitational water content; EC: electroconductivity; TC: total carbon; TN: total nitrogen.

from several phyla, especially Actinobacteriota and Chloroflexi
(Figure 5, Supplementary Table 4). Only a few ASVs from
a variety of phyla (including unassigned) were primarily found
in TR2 samples, but not TR1 (Figure 5, Supplementary Table 4).
When ASVs from this study were aligned against the NCBI
16S rRNA gene sequence database, five were found to have
100% identity to sequences found at Tramway Ridge in previous
studies (Soo et al, 2009; Herbold et al, 2014a;
Supplementary Table 3). Of these, two (ASV 5 and 24) were
from Deinococcota, genus Meiothermus (Supplementary Table 3).
The others were ASV 36 from Cyanobacteria, genus Fischerella
PCC-9339, ASV 61 from Acidobacteriota, genus Pyrinomonas,
and ASV 47 from Chloroflexi, genus Anaerolinae
(Supplementary Table 3). ASV 61 was the only ASV detected
at both sites, the others being exclusive to Tramway Ridge.

Network Analysis and Modularity

To better understand ASV co-occurrence and identify sets of
ASVs that are potentially adapted to similar environmental
conditions, we constructed a network of the abundant ASVs
in our data set (trimmed to retain ASVs with >10 reads in
>3 samples, 217 ASVs; Figure 6). The algorithm divided the
network into eight distinct modules that contain ASVs with
similar abundance and frequency profiles (Figure 6A). The
network had a modularity of 0.58, indicating a relatively high
connection of nodes within modules. The relative contribution
of each module in each sample can be found in Figure 6B
and the taxonomic composition of each module is displayed
in Figure 6C, with full taxonomy in Supplementary Table 5.

Modules 2 and 4 were found across almost all samples and
were very diverse in taxonomic composition; the greatest
abundance classes were Nitrososphaeria (phylum Crenarchaeota)
and Gammaproteobacteria for Modules 2 and 4, respectively
(Figures 6B,C, Supplementary Table 5). Module 7 was comprised
primarily of Nitrososphaeria (58% of reads in module) and
was mainly present at Tramway Ridge (Figure 6B,C,
Supplementary Table 5). Module 6 was similarly more abundant
at Tramway Ridge but was at high abundance in samples where
Module 7 was at low abundance within Tramway Ridge 2,
and vice versa (Figure 6B). The predominant members of
Module 6 were from classes Cyanobacteriia (family
Leptolyngbyaceae), Deinococci, and Anaerolineae (phylum
Chloroflexi; Figure 6C, Supplementary Table 5). Module 3
was mainly present at Tramway Ridge, especially TR1 (Figure 6B),
and was comprised of ASVs from the phylum GALI5 and
classes Nitrososphaeria and AD3 (phylum Chloroflexi; Figure 6C,
Supplementary Table 5). Modules 5 and 8 were constrained
mostly to high-temperature samples from Western Crater;
Module 5 had a majority of ASVs from classes Acidobacteriotae
(phylum Acidobacteriota), Ktedonobacteria (phylum Chloroflexi),
and Cyanobacteriia (family Nostocaceae), while Module 8 had
a similar preponderance of ASVs from phylum Acidobacteriota,
in addition to ASVs from class Blastocatellia (Figures 6B,C).

DISCUSSION

16S rRNA gene amplicon sequencing was used to examine
the microbial community structure and composition at two
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disparate geothermal sites on Mt. Erebus, Tramway Ridge, and
Western Crater, as well as at two distinct transects within the
highly heterogeneous Tramway Ridge site. The pairing of the
biological data with physicochemistry and elemental analyses
allowed for insights into the impact of temperature and
geochemistry on the soil microbial communities. Our key
findings were as: the two sites had pronounced differences in
soil physicochemistry and microbial communities, with pH
having the strongest correlation with microbial communities;
differential abundance profiles of several key ASVs from a
few phyla were primarily responsible for the different microbial
communities; and differences in physicochemistry and microbial
communities were not as distinct within Tramway Ridge.

Abiotic Drivers of Microbial Communities
Between Sites

Despite Tramway Ridge and Western Crater being only 1km
apart on the summit of Mt Erebus, they have distinct
physicochemical characteristics. This is apparent from the site-
specific clustering of samples in the PCoA, the significant
differences between the two sites in measured soil parameters
and concentrations of multiple elements, the differences between
sites in how soil physicochemistry varied down the temperature
gradient (Figure 2, Supplementary Figure 2). Our measured

values across all parameters were within the ranges of previously
reported values from Tramway Ridge (Soo et al., 2009; Herbold
et al., 2014a; Vickers et al., 2016) and Western Crater (Hudson
and Daniel, 1988).

We found that pH, not temperature, had the strongest
correlation with community composition (Figure 3A). pH has
previously been found to be a major driver of microbial
community structure both at geothermal sites and in
non-geothermal soils, especially below 70°C (Fierer, 2017; Power
et al., 2018). Other studies at geothermal sites have found soil
temperature to be a strong determinant of microbial community
composition (Cole et al.,, 2013; Wang et al., 2013; Sharp et al.,
2014; Guo et al., 2020). A variety of other factors were correlated
with the microbial community composition of the two sites,
including total nitrogen (TN), as was observed at a geothermal
site on Deception Island, Antarctica (Bendia et al.,, 2018).

The differences in soil physicochemistry between the two
sites despite their proximity can be traced to differences in
geothermal features (e.g., active fumaroles at Tramway Ridge
but not Western Crater) and exposure level to extreme weather
events. First, the greater exposure to weather and lack of
fumarolic steam at Western Crater likely leads to drier soil
than at the relatively more sheltered Tramway Ridge, resulting
in the difference in soil moisture (GWC) observed (Figure 2A).
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CLR

of these ASVs is given in Supplementary Table 4.

WPS-2 ASV_41 4
WPS-2 ASV_124 4
Unassigned ASV_53 -
Unassigned ASV_129
Proteobacteria Gammaproteobacteria Xanthomonadales Rhodanobacteraceae Chujaibacter ASV_64 -|
Planctomycetota Planctomycetes Isosphaerales Isosphaeraceae Paludisphaera ASV_271
Planctomycetota Planctomycetes Gemmatales Gemmataceae ASV_23
Planctomycetota Planctomycetes Gemmatales Gemmataceae ASV_155
Planctomycetota Planctomycetes Gemmatales Gemmataceae ASV_134 -I_
Myxococcota Polyangia Polyangiales Polyangiaceae Pajaroellobacter ASV_408 4
Myxococcota Polyangia Polyangiales Polyangiaceae Pajaroellobacter ASV_223

Firmicutes Sulfobacillia Sulfobacillales Sulfobacillaceae ASV_265 4

Firmicutes Sulfobacillia Sulfobacillales Sulfobacillaceae ASV_141

Firmicutes Sulfobacillia Sulfobacillales Sulfobacillaceae ASV_135
Deinococcota Deinococci Deinococcales Deinococcaceae Deinococcus ASV_353
Deinococcota Deinococci Deinococcales Deinococcaceae Deinococcus ASV_148
Bacteria Chloroflexi SHA-26 ASV_75
Abundance Chloroflexi Ktedonobacteria Ktedonobacterales Ktedonobacteraceae FCPS473 ASV_12
Chloroflexi Ktedonobacteria Ktedonobacterales Ktedonobacteraceae ASV_26
50 Chloroflexi Ktedonobacteria Ktedonobacterales Ktedonobacteraceae ASV_120
Chloroflexi KD4-96 ASV_194
25 Chloroflexi JG30-KF-CM66 ASV_149

0.0 Chloroflexi AD3 ASV_57 -

Chloroflexi ASV_185

Bacteroidota Bacteroidia Chitinophagales Chitinophagaceae ASV_18 4|

Armatimonadota Chthonomonadetes Chthonomonadales Chthonomonadaceae Chthonomonas ASV_133
Armatimonadota Chthonomonadetes Chthonomonadales Chthonomonadaceae Chthonomonas ASV_13

Bacteria Actinobacteriota Actinobacteria Frankiales Frankiaceae Jatrophihabitans ASV_50

Actinobacteriota Actinobacteria Corynebacteriales Mycobacteriaceae Mycobacterium ASV_415

Actinobacteriota Acidimicrobiia IMCC26256 ASV_68

Acidobacteriota Holophagae Subgroup 7 ASV_71

Acidobacteriota Acidobacteriae Subgroup 2 ASV_38

Acidobacteriota Acidobacteriae Bryobacterales Bryobacteraceae Bryobacter ASV_144
Crenarchaeota Nitrososphaeria SCGC AB-179-E04 ASV_14

Crenarchaeota Nitrososphaeria Nitrososphaerales Nitrososphaeraceae Ca. Nitrososphaera ASV_91
Crenarchaeota Nitrososphaeria Nitrososphaerales Nitrososphaeraceae Ca. Nitrososphaera ASV_10
Crenarchaeota Nitrososphaeria Nitrososphaerales Nitrososphaeraceae Ca. Nitrocosmicus ASV_15

FIGURE 5 | Center log-ratio transformed (CLR) abundance data for the ASVs identified by the Random Forest algorithm as being most important (mean decrease
in Gini value, MDG, > 0.086) for discriminating between the microbial communities at the three transects. ASVs are ordered by domain, then phylum, in ascending
order. The lowest assignable taxonomic assignments are also given. The bottom four ASVs are Archaea, the rest are Bacteria. On the x-axis, samples are ordered
by increasing temperature within each transect. TR1: Tramway Ridge transect 1; TR2: Tramway Ridge transect 2; WC: Western Crater transect; The full taxonomy
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The alkaline soil pH measured at Western Crater, which is
similar to pH measurements at other sites on the Mt. Erebus
summit (Hudson and Daniel, 1988), reflects the alkaline nature
of the phonolite lava flows dominating the summit of Mt.
Erebus (Kelly et al., 2008; Panter and Winter, 2008). On the
other hand, the low pH of Tramway Ridge is somewhat
anomalous for the Mt. Erebus summit; several factors may
be driving this lower pH at Tramway Ridge, which are likely
primarily geological in nature with possible minor contributions
by putative S-oxidizing taxa. One significant contributing factor
may be the elevated levels of S at Tramway Ridge (Figure 2C),
which via a combination of abiotic and biotic inputs (e.g.,
minor levels of sulfur-oxidizing Sulfobacillaceae ASVs-
Supplementary Table 5), may contribute to the acidification
of Tramway Ridge soils (Soo et al., 2009; Sims et al., 2020).
These higher S levels, in turn, may result from a shallower
heat and gas source at Tramway Ridge than Western Crater,

as evidenced by the higher surface temperatures at Tramway
Ridge, resulting in less opportunities for the gaseous S [mostly
SO, and COS (Radke, 1982)] to be filtered out by the bedrock.
Another factor could be increased levels of CO, at Tramway
Ridge due to the presence of active fumaroles, which could
produce increased levels of carbonic acid in the soil (Andrews
and Schlesinger, 2001).

The more protected nature of Tramway Ridge has allowed
for the establishment of extensive moss beds and cyanobacterial
mats near the hot fumaroles (Broady, 1984; Soo et al., 2009;
Bolhuis et al., 2014), which in turn contribute to the significantly
elevated total carbon (TC), TN, and DNA yields measured
(Figure 2A, Supplementary Table 1). In particular, the elevated
TN levels present may be driven by the diazotrophic activity
of Cyanobacteria and symbiotic microbes living in the
mosses; at least one known diazotrophic Cyanobacteria was
detected at Tramway Ridge in our analysis, Leptolyngbyaceae
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(C) Microbial composition of each module from the network analysis ordered alphabetically. Size of the bars reflects the relative abundance of that class within the
module. Only classes with a relative abundance above 2% are plotted for ease of visualization.

(Yoon et al., 2017). The higher TN levels at Tramway Ridge
could also be influenced by the lower pH present, which would
trap ammonia gases as ammonium (Holloway et al., 2011).
Previous studies have suggested that moss beds and cyanobacterial
mats increase the abundance and diversity of bacteria and
other infauna relative to surrounding soils, which could account
for the higher DNA yields observed at Tramway Ridge (Carreira
et al., 2015; Prieto-Barajas et al., 2018).

Biological Differences Between Sites

The microbial communities at Tramway Ridge and Western
Crater were significantly different, as supported by the separate
clustering of samples from the two sites in the dbRDA, a
statistically significant PERMANOVA test, and the ability of
the Random Forest algorithm to distinguish between the
communities at the two sites (Figures 3A, 5). Geothermal
features often contain spatially close sites that harbor unique
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microbial communities due to steep differences in chemical
parameters (Takacs-Vesbach et al., 2008; Power et al.,, 2018).
Differential abundance profiles for ASVs from a variety of
phyla drive these differences in community composition.

We found a higher abundance of ASV's from Nitrososphaerales
(phylum Crenarchaeota, also known as Thaumarchaeota in
some papers (Brochier-Armanet et al, 2008), including past
studies at Mt. Erebus (Soo et al., 2009; Herbold et al., 2014a)
and known as thermoproteota in the genome taxonomy database
(GTDB; Rinke et al., 2021)) and Nitrospira (phylum Nitrospirae)
at Tramway Ridge compared to Western Crater (Figures 4,
6). This could potentially indicate increased nitrogen cycling
at Tramway Ridge compared to Western Crater, since most
Nitrososphaerales exhibit an ammonia-oxidizing phenotype
[ammonia-oxidizing Archaea (AOA)] (Pester et al., 2011) and
Nitrospira are their nitrite-oxidizing bacteria (NOB) counterparts
(Gu et al,, 2017; Parada and Fuhrman, 2017). Some potential
sources for the ammonia used by the AOA could be nitrogen
fixation performed by diazotrophic Cyanobacteria present or
the trapping of ammonium due to low pH, as discussed above.
These AOA and NOB may be absent from Western Crater
due to the lower TN levels at Western Crater compared to
Tramway Ridge (Figure 2A). Members of Nitrososphaeria have
been found in previous studies at geothermal sites, especially
fumarole-associated sites and within fumarole steam (Benson
et al,, 2011; Cole et al., 2013; Cockell et al., 2019), as well as
at Tramway Ridge (Soo et al., 2009; Herbold et al., 2014a).

Results from our co-variation network analysis, which groups
ASVs into distinct modules based on similar abundance profiles,
provided additional insight into why Nitrososphaerales were
more abundant at Tramway Ridge. ASVs from Nitrososphaerales
co-occurred with ASVs from the phylum GAL15 and the class
AD3 (now Candidate phylum Dormibacteraeota (Ji et al., 2017))
in Module 3 and with ASVs from class Chthonomonadetes
(Lee et al,, 2011) in Module 7 (Figure 6). The dominance of
these taxa within these modules likely reflects the ecosystems
they experience on Mt. Erebus; GAL15 and AD3 taxa have
been found to inhabit relatively oligotrophic, subsurface soils
at non-geothermal sites with high moisture (Frey et al., 2016,
2021; Brewer et al., 2019), and members of Chthonomonadetes
primarily grow in moderately acidic geothermal soils and are
oligotrophic carbohydrate-utilizing heterotrophs (Stott et al.,
2008). The co-occurrence of many Nitrososphaerales ASVs with
these groups points to a mutual requirement for the types of
low pH and high GWC soils found at Tramway Ridge, as
previously shown for AOA in the Dry Valleys of Antarctica
(Magalhaes et al., 2014).

Differences in abundance profiles of several bacterial groups
can similarly be traced to differences in metabolic strategy
and growth requirements between groups. The higher soil pH
and lower EC at Western Crater resulted in ASVs from
Acidobacteriota being found only at Western Crater
(Figures 4-6). Acidobacteriota are generally found at alkaline,
low EC soils in non-geothermal areas (Dunbar et al., 1999;
Ward et al., 2009; Feeser et al., 2018). ASVs from Firmicutes,
order Sulfobacillales, were more abundant at Tramway Ridge
(Figures 4-6) due to their predicted reliance on sulfur oxidation

for energy and the higher levels of sulfur found at Tramway
Ridge (Figure 2C; Justice et al., 2014). Members of Bacteroidota
and Deinococcus (genus Meiothermus) are known to mainly
degrade complex organic compounds, which are often produced
by phototrophs (Thomas et al., 2011; Albuquerque et al., 2018).
Their abundance at Tramway Ridge could be linked to the
phototrophic biomass present, as indicated by their co-occurrence
with Cyanobacteria (in Module 6; Figure 6C) and as previously
observed at Tramway Ridge (Herbold et al., 2014a) and other
sites in Antarctica (Stanish et al., 2013; Coyne et al., 2020).
However, we note that due to the constraints of our sample
set (small sample size and samples from very different sites;
Berry and Widder, 2014), our co-occurrence network cannot
predict whether there are interactions occurring between these
degraders of complex organics and the Cyanobacteria present
in the same Module.

Differences in Physicochemistry and
Biology Within Tramway Ridge

Although the differences in geochemistry and microbial
communities within Tramway Ridge are not as pronounced as
those between Tramway Ridge and Western Crater, our observations
highlight the large heterogeneity within this site. The ratio of
Pb isotopes in soil can be used to provide information on the
geological source rock composition (Doe et al., 1966), as previously
done at Mt. Erebus (Sims et al, 2008; Gili et al, 2016). The
marked difference we observed in average Pb**/Pb*” ratios between
the two Tramway Ridge transects (Supplementary Figure 3)
indicate that these two, close-proximity transects differ in initial
U/Th/Pb ratios of the source rock, implying different mineralogical
compositions at sites within Tramway Ridge that could influence
the microbial community (Mitchell et al., 2013). Differences in
soil pH and elemental concentrations between the two transects
(Supplementary Figures 4A,C), combined with the broad range
of pH (3.1-8.1) measured there previously (Hudson and Daniel,
1988; Soo et al., 2009; Herbold et al., 2014a; Vickers et al., 2016),
suggest that different fumaroles at Tramway Ridge produce different
surface chemistries, as hypothesized previously (Ilanko et al.,
2019). These different chemistries, in turn, drive different microbial
communities. A clear instance of this is the high abundance of
Leptolyngbyaceae ASVs and associated heterotrophs (Module 6)
at the two high pH samples within Tramway Ridge 2, correlated
with the high Cu, Fe, and Zn present (Figure 6,
Supplementary Table 5).

A previous study at Tramway Ridge also found a significant
effect of pH and TC on community composition between samples
taken close to fumaroles vs. those further from fumaroles (Soo
et al,, 2009). In contrast to previous studies of Tramway Ridge
that only found low (~1%) relative abundance of Proteobacteria
at a few sample sites (Soo et al., 2009; Herbold et al., 2014a),
we found Proteobacteria across all Tramway Ridge samples at
relative abundances above 5% (Figure 4). This could be due
to differences in the 16S rRNA gene primers used between
our study and previous studies, since previous 16S rRNA gene
primers have been found to underestimate Alphaproteobacteria
abundance (Apprill et al, 2015; Parada et al, 2016). On the
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other hand, we did not find large numbers of Planctomycetota
in any of our Tramway Ridge samples (<2% relative abundance),
despite their abundance in previous studies (15% in an early
paper and 4% in a later paper that corroborated 16S amplicon
sequences with full metagenomic 16S gene sequences; Soo et al.,
2009; Herbold et al., 2014a). The primer set we used in our
study is known to capture Planctomycetota abundance better
than the previous set (Parada et al, 2016), so primer bias
cannot explain the lack of Planctomycetota in our samples.
The difference could instead be due to the high heterogeneity
present at Tramway Ridge, which is also a potential explanation
for the observed difference in Proteobacteria abundance.

Potential for Phototrophy and
Chemolithotrophy to Support Microbial
Communities

We speculate that the majority of the microbial communities
at Tramway Ridge and Western Crater is supported either via
phototrophy, based on the presence of Cyanobacteria and
associated heterotrophic degraders of complex organic molecules,
or chemolithotrophy. We detected many ASVs that are most
closely related to microbes with capacities for several
chemolithotrophic metabolisms; based on ASV abundance
(Figures 4, 6B,C, Supplementary Tables 4, 5), we predict that
the most abundant chemolithotrophic processes occurring in
our samples are nitrogen metabolism, gas metabolism, and
Fe metabolism. For nitrogen metabolism, these metabolic
capacities were for ammonia oxidation (Nitrososphaerales),
nitrite oxidation (Nitrospira and Nitrolancea), or nitrate reduction
(Mizugakiibacter; Brochier-Armanet et al., 2012; Kojima et al,,
2014; Sorokin et al.,, 2014). For gas metabolism, these metabolic
capacities were for H, oxidation, CO oxidation, and autotrophic
CO, fixation. A wide range of ASVs found in our samples
are most closely related to microbes with capacities for metabolism
of these gases; these include ASVs from Chloroflexi classes
Ktedonobacteria, Chloroflexia, and AD3 (Candidate phylum
Dormibacteraeota), as well as ASVs from WPS-2 [candidate
phylum Eremiobacteriota (Ji et al, 2017)], Candidatus
Udaeobacter, and C. Koribacter (Ward et al., 2009; Ji et al,
2017; Brewer et al, 2019; Islam et al, 2019; Willms et al.,
2020). For Fe metabolism, we detected multiple Acidibacter
ASVs (Fe reduction; Falagin and Johnson, 2014) and
Acidimicrobiia ASVs (Fe oxidation; Clark and Norris, 1996).
All of these metabolites (TN, H, CO, CO,, and Fe) were
either detected in our samples (TN and Fe; Figure 2) or have
been measured at these sites before (H,, CO, and COy
Oppenheimer and Kyle, 2008; Ilanko et al., 2019). All of these
metabolic predictions based on 16S rRNA gene sequence
similarity will need to be further tested using metagenomic
and culture-based experiments.

CONCLUSION

This research has examined microbial communities from two
disparate geothermal sites on Mt. Erebus, finding unique

microbial communities at these two sites correlated with
physicochemical differences, especially soil pH. Previous
microbial community studies of Mt. Erebus have focused on
Tramway Ridge, but the unique and rich microbial communities
found at Western Crater point to the importance of further
studies at sites across Mt. Erebus to better understand this
exceptional habitat. Cultivation of microbial representatives
combined with in-depth studies of metagenomes from these
sites are needed to test the predictions about microbial metabolic
functions generated from our study and gain greater insight
into the potentially endemic microorganisms inhabiting
Mt. Erebus.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found at: https://www.ncbi.nlm.
nih.gov/, PRJNA760951.

AUTHOR CONTRIBUTIONS

SC, IM, CL, JA, and MS designed the study and provided
funding. IM, CL, and MS collected the samples. ES did the
DNA extractions and sample processing for ICP-MS. MB and
ES performed initial DNA sequence processing and analysis.
SN and MB completed the analyses and wrote the manuscript
based on the thesis written by ES, with input from SC. Later
versions were based on input and suggestions from all authors.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by the Royal Society of New Zealand
(Marsden Grant 18-UOW-028 to SC, MS, IM, CL, and JA).

ACKNOWLEDGMENTS

We especially recognize the logistical support from Antarctica
New Zealand for fieldwork on Mt. Erebus and support in
the field from Jon Tyler. We thank Roanna Richards-Babbage
(Waikato University) for assistance with DNA extraction
and sample preparation for sequencing that was carried out
at the Waikato DNA Sequencing Facility, Hamilton,
New Zealand.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.836943/
full#supplementary-material

Frontiers in Microbiology | www.frontiersin.org

12

May 2022 | Volume 13 | Article 836943


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fmicb.2022.836943/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.836943/full#supplementary-material

Noell et al.

Erebus Thermal Gradients

REFERENCES

Albuquerque, L., Rainey, E. A, and Costa, M. S. (2018). “Meiothermus,” in
Bergeys Manual of Systematics of Archaea and Bacteria. eds. W. B. Whitman, P.
DeVos, S. Dedysh, B. Hedlund, P. Kampfer, E. Rainey, et al. (Wiley), 1-28.

Andrews, J. A., and Schlesinger, W. H. (2001). Soil CO2 dynamics, acidification,
and chemical weathering in a temperature forest with experimental CO2
enrichment. Global Biogeochem. Cycles 15, 149-162. doi: 10.1029/2000GB001278

Apprill, A., McNally, S., Parsons, R., and Weber, L. (2015). Minor revision to
V4 region SSU rRNA 806R gene primer greatly increases detection of SAR11
bacterioplankton. Aquat. Microb. Ecol. 75, 129-137. doi: 10.3354/ame01753

Bargagli, R., Skotnicki, M. L., Marri, L., Pepi, M., Mackenzie, A., and Agnorelli, C.
(2004). New record of moss and thermophilic bacteria species and physico-
chemical properties of geothermal soils on the northwest slope of Mt. Melbourne
(Antarctica). Polar Biol. 27, 423-431. doi: 10.1007/s00300-004-0612-6

Barker, P. E, and Burrell, J. (1977). The opening of Drake Passage. Mar. Geol.
25, 15-34. doi: 10.1016/0025-3227(77)90045-7

Beam, J. P, Jay, Z. ], Kozubal, M. A, and Inskeep, W. P. (2014). Niche
specialization of novel thaumarchaeota to oxic and hypoxic acidic geothermal
springs of yellowstone national park. ISME J. 8, 938-951. doi: 10.1038/
isme;j.2013.193

Belilla, J., Iniesto, M., Moreira, D., Benzerara, K., Lopez-Garcia, ]. M.,
Lépez-Archilla, A. I, et al. (2021). Archaeal overdominance close to life-
limiting conditions in geothermally influenced hypersaline lakes at the Danakil
depression. Ethiopia. Environ. Microbiol. 23, 7168-7182. doi: 10.1111/1462-
2920.15771

Bendia, A. G., Signori, C. N., Franco, D. C,, Duarte, R. T. D., Bohannan, B. J.
M., and Pellizari, V. H. (2018). A mosaic of geothermal and marine features
shapes microbial community structure on deception island volcano. Antarctica.
Front. Microbiol. 9:899. doi: 10.3389/fmicb.2018.00899

Benson, C. A, Bizzoco, R. W, Lipson, D. A,, and Kelley, S. T. (2011). Microbial
diversity in nonsulfur, sulfur and iron geothermal steam vents. FEMS Microbiol.
Ecol. 76, 74-88. doi: 10.1111/j.1574-6941.2011.01047.x

Berry, D., and Widder, S. (2014). Deciphering microbial interactions and detecting
keystone species with co-occurrence networks. Front. Microbiol. 5:219. doi:
10.3389/fmicb.2014.00219

Bolhuis, H., Cretoiu, M. S., and Stal, L. J. (2014). Molecular ecology of microbial
mats. FEMS Microbiol. Ecol. 90, 335-350. doi: 10.1111/1574-6941.12408

Boyd, W. L., Onn, D. R,, and Boyd, J. W. (1990). Thermophilic bacteria among
arctic, subarctic, and alpine habitats. Arct. Alp. Res. 22, 401-411. doi:
10.2307/1551464

Brewer, T. E., Aronson, E. L., Arogyaswamy, K., Billings, S. A., Botthoff, J. K.,
Campbell, A. N, et al. (2019). Ecological and genomic attributes of novel
bacterial taxa That thrive in subsurface soil horizons. mBio 10:¢01318-19.
doi: 10.1128/mBi0.01318-19

Broady, P. A. (1984). Taxonomic and ecological investigations of algae on
steam-warmed soil on Mt Erebus, Ross Island, Antarctica. Phycologia 23,
257-271. doi: 10.2216/i0031-8884-23-3-257.1

Broady, P, Given, D., Greenfield, L., and Thompson, K. (1987). The biota and
environment of fumaroles on Mt Melbourne, northern Victoria land. Polar
Biol. 7, 97-113. doi: 10.1007/BF00570447

Brochier-Armanet, C., Boussau, B., Gribaldo, S., and Forterre, P. (2008). Mesophilic
crenarchaeota: proposal for a third archaeal phylum, the Thaumarchaeota.
Nat. Rev. Microbiol. 6, 245-252. doi: 10.1038/nrmicro1852

Brochier-Armanet, C., Gribaldo, S., and Forterre, P. (2012). Spotlight on the
Thaumarchaeota. ISME J. 6, 227-230. doi: 10.1038/isme;j.2011.145

Calkins, J., Oppenheimer, C., and Kyle, P. R. (2008). Ground-based thermal
imaging of lava lakes at Erebus volcano. Antarctica. J. Volcanol. Geotherm.
Res. 177, 695-704. doi: 10.1016/j.jvolgeores.2008.02.002

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
Ilumina amplicon data. Nat. Methods 13, 581-583. doi: 10.1038/nmeth.3869

Caporaso, J. G., Ackermann, G., Apprill, A., Bauer, M., Berg-Lyons, D., Betley, .,
et al. (2018). Earth microbiome project: EMP 16S Illumina amplicon protocol.
Protocols.lo, 1-7. doi: 10.17504/protocols.io.nuudeww

Carreira, C.,, Staal, M., Middelboe, M., and Brussaard, C. P. D. (2015). Counting
viruses and bacteria in photosynthetic microbial Mats. Appl. Environ. Microbiol.
81, 2149-2155. doi: 10.1128/AEM.02863-14

Chen, H., and Boutros, P. C. (2011). VennDiagram: a package for the generation
of highly-customizable Venn and Euler diagrams in R. BMC Bioinformatics
12:35. doi: 10.1186/1471-2105-12-35

Clark, D. A., and Norris, P. R. (1996). Acidimicrobium ferrooxidans gen. Nov.,
sp. nov.: mixed-culture ferrous iron oxidation with Sulfobacillus species.
Microbiology 142, 785-790. doi: 10.1099/00221287-142-4-785

Cockell, C. S., Harrison, J. P, Stevens, A. H., Payler, S. J., Hughes, S. S., Kobs
Nawotniak, S. E., et al. (2019). A low-diversity microbiota inhabits extreme
terrestrial basaltic terrains and their fumaroles: implications for the exploration
of Mars. Astrobiology 19, 284-299. doi: 10.1089/ast.2018.1870

Cole, J. K., Peacock, J. P, Dodsworth, J. A., Williams, A. J., Thompson, D. B,
Dong, H., et al. (2013). Sediment microbial communities in great boiling
spring are controlled by temperature and distinct from water communities.
ISME ]. 7, 718-729. doi: 10.1038/isme;j.2012.157

Coolbear, T., Whittaker, J. M., and Daniel, R. M. (1992). The effect of metal
ions on the activity and thermostability of the extracellular proteinase from
a thermophilic bacillus, strain EA.1. Biochem. J. 287, 367-374. doi: 10.1042/
bj2870367

Coyne, K. J., Parker, A. E., Lee, C. K., Sohm, J. A., Kalmbach, A., Gunderson, T.,
et al. (2020). The distribution and relative ecological roles of autotrophic
and heterotrophic diazotrophs in the McMurdo dry valleys. Antarctica. FEMS
Microbiol. Ecol. 96, 1-16. doi: 10.1093/femsec/fiaa010

Csardi, G., and Nepusz, T. (2006). The igraph software package for complex
network research. InterJournal, complex Syst. 1695, 1-9.

Doe, B. R, Hedge, C. E., and White, D. E. (1966). Preliminary investigation
of the source of lead and strontium in deep geothermal brines underlying
the Salton Sea geothermal area. Econ. Geol. 61, 462-483. doi: 10.2113/
gsecongeo.61.3.462

Dunbar, J., Takala, S., Barns, S. M., Davis, J. A., and Kuske, C. R. (1999).
Levels of bacterial community diversity in four arid soils compared by
cultivation and 16S rRNA gene cloning. Appl. Environ. Microbiol. 65,
1662-1669. doi: 10.1128/AEM.65.4.1662-1669.1999

Falagin, C., and Johnson, D. B. (2014). Acidibacter ferrireducens gen. Nov.,
sp. nov. an acidophilic ferric iron-reducing gammaproteobacterium.
Extremophiles 18, 1067-1073. doi: 10.1007/s00792-014-0684-3

Feeser, K. L., Van Horn, D. ], Buelow, H. N,, Colman, D. R., McHugh, T. A,,
Okie, J. G., et al. (2018). Local and regional scale heterogeneity drive bacterial
community diversity and composition in a polar desert. Front. Microbiol.
9:1928. doi: 10.3389/fmicb.2018.01928

Fields, P. A. (2001). Review: protein function at thermal extremes: balancing
stability and flexibility. Comp. Biochem. Physiol. - A Mol. Integr. Physiol.
129, 417-431. doi: 10.1016/S1095-6433(00)00359-7

Fierer, N. (2017). Embracing the unknown: disentangling the complexities of
the soil microbiome. Nat. Rev. Microbiol. 15, 579-590. doi: 10.1038/
nrmicro.2017.87

Frey, B., Rime, T., Phillips, M., Stierli, B., Hajdas, 1., Widmer, E, et al. (2016).
Microbial diversity in European alpine permafrost and active layers. FEMS
Microbiol. Ecol. 92:fiw018. doi: 10.1093/femsec/fiw018

Frey, B., Walthert, L., Perez-Mon, C., Stierli, B., Kochli, R., Dharmarajah, A.,
et al. (2021). Deep soil layers of drought-exposed Forests Harbor poorly
known bacterial and fungal communities. Front. Microbiol. 12:674160. doi:
10.3389/fmicb.2021.674160

Gili, S., Gaiero, D. M., Goldstein, S. L., Chemale, E Jr., Koester, E., Jweda, J.,
et al. (2016). Provenance of dust to Antarctica: a lead isotopic perspective.
Geophys. Res. Lett. 43, 2291-2298. doi: 10.1002/2016GL068244

Gu, Y, Wang, Y, Lu, S, Xiang, Q, Yu, X,, Zhao, K,, et al. (2017). Long-term
fertilization structures bacterial and Archaeal communities along soil depth
gradient in a Paddy soil. Front. Microbiol. 8:1516. doi: 10.3389/fmicb.2017.01516

Guo, L., Wang, G., Sheng, Y., Sun, X,, Shi, Z., Xu, Q,, et al. (2020). Temperature
governs the distribution of hot spring microbial community in three
hydrothermal fields, eastern Tibetan plateau Geothermal Belt. Western China.
Sci. Total Environ. 720:137574. doi: 10.1016/j.scitotenv.2020.137574

Herbold, C. W,, Lee, C. K., McDonald, L. R,, and Cary, S. C. (2014a). Evidence
of global-scale aeolian dispersal and endemism in isolated geothermal
microbial communities of Antarctica. Nat. Commun. 5:3875. doi: 10.1038/
ncomms4875

Herbold, C. W., McDonald, L. R., and Cary, S. C. (2014b). in Antarctic Terrestrial
Microbiology. ed. D. C. Berlin (Heidelberg: Springer).

Frontiers in Microbiology | www.frontiersin.org

May 2022 | Volume 13 | Article 836943


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1029/2000GB001278
https://doi.org/10.3354/ame01753
https://doi.org/10.1007/s00300-004-0612-6
https://doi.org/10.1016/0025-3227(77)90045-7
https://doi.org/10.1038/ismej.2013.193
https://doi.org/10.1038/ismej.2013.193
https://doi.org/10.1111/1462-2920.15771
https://doi.org/10.1111/1462-2920.15771
https://doi.org/10.3389/fmicb.2018.00899
https://doi.org/10.1111/j.1574-6941.2011.01047.x
https://doi.org/10.3389/fmicb.2014.00219
https://doi.org/10.1111/1574-6941.12408
https://doi.org/10.2307/1551464
https://doi.org/10.1128/mBio.01318-19
https://doi.org/10.2216/i0031-8884-23-3-257.1
https://doi.org/10.1007/BF00570447
https://doi.org/10.1038/nrmicro1852
https://doi.org/10.1038/ismej.2011.145
https://doi.org/10.1016/j.jvolgeores.2008.02.002
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.17504/protocols.io.nuudeww
https://doi.org/10.1128/AEM.02863-14
https://doi.org/10.1186/1471-2105-12-35
https://doi.org/10.1099/00221287-142-4-785
https://doi.org/10.1089/ast.2018.1870
https://doi.org/10.1038/ismej.2012.157
https://doi.org/10.1042/bj2870367
https://doi.org/10.1042/bj2870367
https://doi.org/10.1093/femsec/fiaa010
https://doi.org/10.2113/gsecongeo.61.3.462
https://doi.org/10.2113/gsecongeo.61.3.462
https://doi.org/10.1128/AEM.65.4.1662-1669.1999
https://doi.org/10.1007/s00792-014-0684-3
https://doi.org/10.3389/fmicb.2018.01928
https://doi.org/10.1016/S1095-6433(00)00359-7
https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.1093/femsec/fiw018
https://doi.org/10.3389/fmicb.2021.674160
https://doi.org/10.1002/2016GL068244
https://doi.org/10.3389/fmicb.2017.01516
https://doi.org/10.1016/j.scitotenv.2020.137574
https://doi.org/10.1038/ncomms4875
https://doi.org/10.1038/ncomms4875

Noell et al.

Erebus Thermal Gradients

Holloway, J. M., Nordstrom, D. K., Bohlke, J. K., McCleskey, R. B., and Ball, J. W.
(2011). Ammonium in thermal waters of Yellowstone National Park: processes
affecting speciation and isotope fractionation. Geochim. Cosmochim. Acta
75, 4611-4636. doi: 10.1016/j.gca.2011.05.036

Hudson, J. A., and Daniel, R. M. (1988). Enumeration of Thermophilic
heterotrophs in Geothermally heated soils from mount Erebus, Ross Island.
Antarctica. Appl. Environ. Microbiol. 54, 622-624. doi: 10.1128/aem.54.2.
622-624.1988

Hudson, J. A., Daniel, R. M., and Morgan, H. W. (1988). Isolation of a strain
of Bacillus schlegelii from geothermally heated antarctic soil. FEMS Microbiol.
Lett. 51, 57-60. doi: 10.1111/j.1574-6968.1988.tb02968.x

Hudson, J. A., Daniel, R. M., and Morgan, H. W. (1989). Acidophilic and
thermophilic bacillus strains from geothermally heated antarctic soil. FEMS
Microbiol. Lett. 60, 279-282. doi: 10.1111/j.1574-6968.1989.tb03486.x

Ilanko, T, Fischer, T. P, Kyle, P, Curtis, A., Lee, H., and Sano, Y. (2019). Modification
of fumarolic gases by the ice-covered edifice of Erebus volcano. Antarctica. J.
Volcanol. Geotherm. Res. 381, 119-139. doi: 10.1016/j.jvolgeores.2019.05.017

Inskeep, W. P, Jay, Z. ], Tringe, S. G., Herrgard, M. ], and Rusch, D. B.
(2013). The YNP metagenome project: environmental parameters responsible
for microbial distribution in the yellowstone geothermal ecosystem. Front.
Microbiol. 4:67. doi: 10.3389/fmicb.2013.00067

Islam, Z. E, Cordero, P. R. E, Feng, J., Chen, Y. ], Bay, S. K,, Jirapanjawat, T.,
et al. (2019). Two Chloroflexi classes independently evolved the ability to
persist on atmospheric hydrogen and carbon monoxide. ISME J. 13, 1801-1813.
doi: 10.1038/541396-019-0393-0

Ji, M., Greening, C., Vanwonterghem, L., Carere, C. R., Bay, S. K,, Steen, J. A,,
etal. (2017). Atmospheric trace gases support primary production in Antarctic
desert surface soil. Nature 552, 400-403. doi: 10.1038/nature25014

Justice, N. B., Norman, A., Brown, C. T, Singh, A., Thomas, B. C., and
Banfield, J. E. (2014). Comparison of environmental and isolate Sulfobacillus
genomes reveals diverse carbon, sulfur, nitrogen, and hydrogen metabolisms.
BMC Genomics 15, 1107-1117. doi: 10.1186/1471-2164-15-1107

Kelly, P. J., Kyle, P. R., Dunbar, N. W,, and Sims, K. W. W. (2008). Geochemistry
and mineralogy of the phonolite lava lake, Erebus volcano, Antarctica:
1972-2004 and comparison with older lavas. J. Volcanol. Geotherm. Res.
177, 589-605. doi: 10.1016/j.jvolgeores.2007.11.025

Kojima, H., Tokizawa, R., and Fukui, M. (2014). Mizugakiibacter sediminis
gen. Nov.,, sp. nov., isolated from a freshwater lake. Int. J. Syst. Evol. Microbiol.
64, 3983-3987. doi: 10.1099/ijs.0.064659-0

Kuhn, M. (2017). Classification and Regression Training (CARET). R Program.
Lang. Packag

Kurtz, Z. D., Miiller, C. L., Miraldi, E. R., Littman, D. R., Blaser, M. J., and
Bonneau, R. A. (2015). Sparse and compositionally robust inference of
microbial ecological networks. PLoS Comput. Biol. 11:¢1004226. doi: 10.1371/
journal.pcbi.1004226

Lahti, L., and Shetty, S. (2017). Tools for microbiome analysis in R. Available
at: https://github.com/microbiome/microbiome/. (Accessed April 25, 2022).

Lee, K. C.-Y,, Dunfield, P. F, Morgan, X. C., Crowe, M. A., Houghton, K. M.,
Vyssotski, M., et al. (2011). Chthonomonas calidirosea gen. Nov., sp. nov.,
an aerobic, pigmented, thermophilic micro-organism of a novel bacterial
class, Chthonomonadetes classis nov., of the newly described phylum
Armatimonadetes originally designated candidate division OP10. Int. J. Syst.
Evol. Microbiol. 61, 2482-2490. doi: 10.1099/ijs.0.027235-0

Liaw, A., and Wiener, M. (2002). Classification and regression by randomForest.
R News 2, 18-22.

Magalhaes, C., Machado, A., Frank-Fahle, B., Lee, C. K., and Cary, C. S.
(2014). The ecological dichotomy of ammonia-oxidizing archaea and bacteria
in the hyper-arid soils of the Antarctic dry valleys. Front. Microbiol. 5:515.
doi: 10.3389/fmicb.2014.00515

Mardanov, A. V., Gumerov, V. M., Beletsky, A. V., and Ravin, N. V. (2018).
Microbial diversity in acidic thermal pools in the Uzon caldera, Kamchatka.
Antonie Van Leeuwenhoek 111, 35-43. doi: 10.1007/s10482-017-0924-5

Marteinsson, V. T., Hauksdoéttir, S., Hobel, C. FE, Kristmannsdottir, H.,
Hreggvidsson, G. O., and Kristjansson, J. K. (2001). Phylogenetic diversity
analysis of subterranean hot springs in Iceland. Appl. Environ. Microbiol.
67, 4242-4248. doi: 10.1128/AEM.67.9.4242

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

Miller, S. R., Strong, A. L., Jones, K. L., and Ungerer, M. C. (2009). Bar-
coded pyrosequencing reveals shared bacterial community properties along
the temperature gradients of two alkaline hot springs in Yellowstone
National Park. Appl. Environ. Microbiol. 75, 4565-4572. doi: 10.1128/
AEM.02792-08

Mitchell, A. C., Lafreniére, M. J., Skidmore, M. L., and Boyd, E. S. (2013).
Influence of bedrock mineral composition on microbial diversity in a subglacial
environment. Geology 41, 855-858. doi: 10.1130/G34194.1

Mueller, R. C., Peach, J. T., Skorupa, D. J., Copié, V., Bothner, B., and Peyton, B. M.
(2021). An emerging view of the diversity, ecology and function of archaea
in alkaline hydrothermal environments. FEMS Microbiol. Ecol. 97, 1-13.
doi: 10.1093/femsec/fiaa246

Nakagawa, T., and Fukui, M. (2002). Phylogenetic characterization of microbial
mats and streamers from a Japanese alkaline hot spring with a thermal
gradient. J. Gen. Appl. Microbiol. 48, 211-222. doi: 10.2323/jgam.48.211

Nicolaus, B., Manca, M. C., Lama, L., Esposito, E., and Gambacorta, A.
(2001). Lipid modulation by environmental stresses in two models of
extremophiles isolated from Antarctica. Polar Biol. 24, 1-8. doi: 10.1007/
5003000000156

Norris, T. B., Wraith, J. M., Castenholz, R. W,, and McDermott, T. R. (2002).
Soil microbial community structure across a thermal gradient following a
geothermal heating event. Appl. Environ. Microbiol. 68, 6300-6309. doi:
10.1128/AEM.68.12.6300-6309.2002

Oksanen, J., Blanchet, E G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D,
et al. (2020). Vegan: community ecology package. Available at: https://CRAN.
R-project.org/package=vegan

Oppenheimer, C., and Kyle, P. R. (2008). Probing the magma plumbing of
Erebus volcano, Antarctica, by open-path FTIR spectroscopy of gas
emissions. J. Volcanol. Geotherm. Res. 177, 743-754. doi: 10.1016/j.
jvolgeores.2007.08.022

Oppenheimer, C., Moretti, R., Kyle, P. R., Eschenbacher, A., Lowenstern, J. B.,
Hervig, R. L., et al. (2011). Mantle to surface degassing of alkalic magmas
at Erebus volcano. Antarctica. Earth Planet. Sci. Lett. 306, 261-271. doi:
10.1016/j.epsl.2011.04.005

Panter, K. S., and Winter, B. (2008). Geology of the side crater of the Erebus
volcano. Antarctica. J. Volcanol. Geotherm. Res. 177, 578-588. doi: 10.1016/].
jvolgeores.2008.04.019

Parada, A. E., and Fuhrman, J. A. (2017). Marine archaeal dynamics and
interactions with the microbial community over 5 years from surface to
seafloor. ISME J. 11, 2510-2525. doi: 10.1038/ismej.2017.104

Parada, A. E., Needham, D. M., and Fuhrman, J. A. (2016). Every base matters:
assessing small subunit rRNA primers for marine microbiomes with mock
communities, time series and global field samples. Environ. Microbiol. 18,
1403-1414. doi: 10.1111/1462-2920.13023

Pester, M., Schleper, C., and Wagner, M. (2011). The Thaumarchaeota: an
emerging view of their phylogeny and ecophysiology. Curr. Opin. Microbiol.
14, 300-306. doi: 10.1016/j.mib.2011.04.007

Power, J. E, Carere, C. R, Lee, C. K., Wakerley, G. L. J., Evans, D. W,, Button, M.,
et al. (2018). Microbial biogeography of 925 geothermal springs in New Zealand.
Nat. Commun. 9:2876. doi: 10.1038/s41467-018-05020-y

Prieto-Barajas, C. M., Alcaraz, L. D., Valencia-Cantero, E., and Santoyo, G.
(2018). Life in hot spring microbial Mats located in the trans-Mexican
Volcanic Belt: a 165/18S rRNA gene and Metagenomic analysis. Geomicrobiol
J. 35, 704-712. doi: 10.1080/01490451.2018.1454555

R Core Team (2020). R: a language and environment for statistical computing.
Available at: https://www.r-project.org/ (Accessed January 21, 2022).

Radke, L. E (1982). Sulphur and sulphate from Mt Erebus. Nature 299, 710-712.
doi: 10.1038/299710a0

Rinke, C., Chuvochina, M., Mussig, A. ], Chaumeil, P.-A. A,, Davin, A. A,
Waite, D. W, et al. (2021). A standardized archaeal taxonomy for the genome
taxonomy database. Nat. Microbiol. 6, 946-959. doi: 10.1038/s41564-
021-00918-8

Roguet, A., Eren, A. M., Newton, R. J, and McLellan, S. L. (2018). Fecal
source identification using random forest. Microbiome 6, 185-115. doi:
10.1186/540168-018-0568-3

Schliep, K. P. (2011). Phangorn: phylogenetic analysis in R. Bioinformatics 27,
592-593. doi: 10.1093/bioinformatics/btq706

Sharp, C. E., Brady, A. L., Sharp, G. H., Grasby, S. E., Stott, M. B., and
Dunfield, P. E (2014). Humboldts spa: microbial diversity is controlled by

Frontiers in Microbiology | www.frontiersin.org

May 2022 | Volume 13 | Article 836943


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1016/j.gca.2011.05.036
https://doi.org/10.1128/aem.54.2.622-624.1988
https://doi.org/10.1128/aem.54.2.622-624.1988
https://doi.org/10.1111/j.1574-6968.1988.tb02968.x
https://doi.org/10.1111/j.1574-6968.1989.tb03486.x
https://doi.org/10.1016/j.jvolgeores.2019.05.017
https://doi.org/10.3389/fmicb.2013.00067
https://doi.org/10.1038/s41396-019-0393-0
https://doi.org/10.1038/nature25014
https://doi.org/10.1186/1471-2164-15-1107
https://doi.org/10.1016/j.jvolgeores.2007.11.025
https://doi.org/10.1099/ijs.0.064659-0
https://doi.org/10.1371/journal.pcbi.1004226
https://doi.org/10.1371/journal.pcbi.1004226
https://github.com/microbiome/microbiome/
https://doi.org/10.1099/ijs.0.027235-0
https://doi.org/10.3389/fmicb.2014.00515
https://doi.org/10.1007/s10482-017-0924-5
https://doi.org/10.1128/AEM.67.9.4242
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1128/AEM.02792-08
https://doi.org/10.1128/AEM.02792-08
https://doi.org/10.1130/G34194.1
https://doi.org/10.1093/femsec/fiaa246
https://doi.org/10.2323/jgam.48.211
https://doi.org/10.1007/s003000000156
https://doi.org/10.1007/s003000000156
https://doi.org/10.1128/AEM.68.12.6300-6309.2002
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1016/j.jvolgeores.2007.08.022
https://doi.org/10.1016/j.jvolgeores.2007.08.022
https://doi.org/10.1016/j.epsl.2011.04.005
https://doi.org/10.1016/j.jvolgeores.2008.04.019
https://doi.org/10.1016/j.jvolgeores.2008.04.019
https://doi.org/10.1038/ismej.2017.104
https://doi.org/10.1111/1462-2920.13023
https://doi.org/10.1016/j.mib.2011.04.007
https://doi.org/10.1038/s41467-018-05020-y
https://doi.org/10.1080/01490451.2018.1454555
https://www.r-project.org/
https://doi.org/10.1038/299710a0
https://doi.org/10.1038/s41564-021-00918-8
https://doi.org/10.1038/s41564-021-00918-8
https://doi.org/10.1186/s40168-018-0568-3
https://doi.org/10.1093/bioinformatics/btq706

Noell et al.

Erebus Thermal Gradients

temperature in geothermal environments. ISME J. 8, 1166-1174. doi: 10.1038/
isme;j.2013.237

Shu, W,, and Huang, L. (2021). Microbial diversity in extreme environments.
Nat. Rev. Microbiol. 20, 219-235. doi: 10.1038/s41579-021-00648-y

Sims, K. W. W,, Aster, R. C., Gaetani, G., Blichert-Toft, J., Phillips, E. H.,
Wallace, P. J., et al. (2021). Chapter 7.2 mount Erebus. Geol. Soc. London
Mem. 55, 695-739. doi: 10.1144/m55-2019-8

Sims, K. W.,, Aster, R., Gaetani, G., Blichert-toft, J., Wallace, P, Mattioli, G.,
et al. (2020). “Mount Erebus volcano: an exceptional natural laboratory for
studying alkaline magmatism and open-conduit volcano behavior,” in Volcanism
in Antarctica: 200 Million Years of Subduction, Rifting and Continental Break-
Up. eds. J. L. Smellie, K. S. Panter and A. Geyer (London, UK).

Sims, K. W. W, Blichert-Toft, J., Kyle, P. R., Pichat, S., Gauthier, P-],
Blusztajn, J., et al. (2008). A Sr, Nd, Hf, and Pb isotope perspective on
the genesis and long-term evolution of alkaline magmas from Erebus
volcano. Antarctica. J. Volcanol. Geotherm. Res. 177, 606-618. doi: 10.1016/j.
jvolgeores.2007.08.006

Skotnicki, M. L., Selkirk, P. M., Broady, P, Adam, K. D., and Ninham, J. A.
(2001). Dispersal of the moss Campylopus pyriformis on geothermal ground
near the summits of mount Erebus and Mount Melbourne, Victoria land.
Antarctica. Antarct. Sci. 13, 280-285. doi: 10.1017/S0954102001000396

Soo, R. M., Wood, S. A., Grzymski, J. J., McDonald, I. R, and Cary, S. C.
(2009). Microbial biodiversity of thermophilic communities in hot mineral
soils of tramway Ridge, mount Erebus. Antarctica. Environ. Microbiol. 11,
715-728. doi: 10.1111/j.1462-2920.2009.01859.x

Sorokin, D. Y., Vejmelkova, D., Liicker, S., Streshinskaya, G. M., Rijpstra, W.I. C,,
Sinninghe Damsté, J. S., et al. (2014). Nitrolancea hollandica gen. Nov., sp.
nov., a chemolithoautotrophic nitrite-oxidizing bacterium isolated from a
bioreactor belonging to the phylum Chloroflexi. Int. J. Syst. Evol. Microbiol.
64, 1859-1865. doi: 10.1099/ijs.0.062232-0

Stanish, L. E, O'Neill, S. P,, Gonzalez, A., Legg, T. M., Knelman, J., McKnight, D. M.,
et al. (2013). Bacteria and diatom co-occurrence patterns in microbial mats
from polar desert streams. Environ. Microbiol. 15, 1115-1131. doi: 10.1111/j.
1462-2920.2012.02872.x

Stott, M. B.,, Crowe, M. A., Mountain, B. W, Smirnova, A. V., Hou, S., Alam, M.,
et al. (2008). Isolation of novel bacteria, including a candidate division,
from geothermal soils in New Zealand. Environ. Microbiol. 10, 2030-2041.
doi: 10.1111/§.1462-2920.2008.01621.x

Takacs-Vesbach, C., Inskeep, W. P, Jay, Z. J., Herrgard, M. J,, Rusch, D. B,
Tringe, S. G., et al. (2013). Metagenome sequence analysis of filamentous
microbial communities obtained from geochemically distinct geothermal
channels reveals specialization of three Aquificales lineages. Front. Microbiol.
4:84. doi: 10.3389/fmicb.2013.00084

Takacs-Vesbach, C., Mitchell, K., Jackson-Weaver, O., and Reysenbach, A. L.
(2008). Volcanic calderas delineate biogeographic provinces among Yellowstone
thermophiles. Environ. Microbiol. 10, 1681-1689. doi: 10.1111/j.1462-2920.
2008.01584.x

Tebo, B. M., Davis, R. E., Anitori, R. P, Connell, L. B., Schiffman, P, and
Staudigel, H. (2015). Microbial communities in dark oligotrophic volcanic
ice cave ecosystems of Mt. Erebus. Antarctica. Front. Microbiol. 6:179. doi:
10.3389/fmicb.2015.00179

Thomas, E, Hehemann, J. H., Rebuffet, E., Czjzek, M., and Michel, G. (2011).
Environmental and gut Bacteroidetes: The food connection. Front. Microbiol.
2:93. doi: 10.3389/fmicb.2011.00093

Ugolini, E C.,, and Starkey, R. L. (1966). Soils and micro-organisms from
mount Erebus, Antarctica. Nature 211, 440-441. doi: 10.1038/211440a0

Ul-Hasan, S., Bowers, R. M., Figueroa-Montiel, A., Licea-Navarro, A. E,
Beman, J. M., Woyke, T,, et al. (2019). Community ecology across bacteria,

archaea and microbial eukaryotes in the sediment and seawater of coastal
Puerto Nuevo. Baja California. PLoS One 14:¢0212355. doi: 10.1371/journal.
pone.0212355

Vickers, C. J., Herbold, C. W,, Cary, S. C., and McDonald, I. R. (2016). Insights
into the metabolism of the high temperature microbial community of tramway
Ridge, mount Erebus. Antarctica. Antarct. Sci. 28, 241-249. doi: 10.1017/
5095410201500067X

Wang, S., Hou, W,, Dong, H., Jiang, H., Huang, L., Wu, G., et al. (2013).
Control of temperature on microbial community structure in Hot Springs
of the Tibetan plateau. PLoS One 8:€62901. doi: 10.1371/journal.pone.
0062901

Ward, N. L., Challacombe, J. F, Janssen, P. H., Henrissat, B., Coutinho, P. M.,
Wu, M., et al. (2009). Three genomes from the phylum Acidobacteria provide
insight into the lifestyles of these microorganisms in soils. Appl. Environ.
Microbiol. 75, 2046-2056. doi: 10.1128/AEM.02294-08

Wardell, L. J., Kyle, P. R., and Campbell, A. R. (2003). Carbon dioxide emissions
from fumarolic ice towers, mount Erebus volcano. Antarctica. Geol. Soc.
Spec. Publ. 213, 231-246. doi: 10.1144/GSL.SP.2003.213.01.14

Weltzer, M. L., and Miller, S. R. (2013). Ecological divergence of a novel group
of Chloroflexus strains along a geothermal gradient. Appl. Environ. Microbiol.
79, 1353-1358. doi: 10.1128/AEM.02753-12

Whiteley, A. S., Jenkins, S., Waite, I, Kresoje, N., Payne, H., Mullan, B, et al.
(2012). Microbial 16S rRNA ion tag and community metagenome sequencing
using the ion torrent (PGM) platform. J. Microbiol. Methods 91, 80-88.
doi: 10.1016/j.mimet.2012.07.008

Wickham, H. (2009). Ggplot2: Elegant Graphics For Data Analysis. New York:
Springer-Verlag.

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L., Frangois, R.,
et al. (2019). Welcome to the Tidyverse. J. Open Source Softw. 4:1686. doi:
10.21105/j0ss.01686

Willms, 1. M., Rudolph, A. Y., Géschel, L, Bolz, S. H., Schneider, D., Penone, C.,
et al. (2020). Globally abundant “Candidatus Udaeobacter” benefits from
release of antibiotics in soil and potentially performs trace gas scavenging.
mSphere 5:¢00186-20. doi: 10.1128/msphere.00186-20

Wright, E. S. (2016). Using DECIPHER v2.0 to analyze big biological sequence
data in R. R J. 8, 352-359. doi: 10.32614/rj-2016-025

Yoon, K.-S., Nguyen, N. T., Tran, K. T., Tsuji, K., and Ogo, S. (2017). Nitrogen
fixation genes and Nitrogenase activity of the non-Heterocystous
Cyanobacterium Thermoleptolyngbya sp. O-77. Microbes Environ. 32, 324-329.
doi: 10.1264/jsme2.ME17015

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.

Copyright © 2022 Noell, Baptista, Smith, McDonald, Lee, Stott, Amend and Cary.
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 | www.frontiersin.org

May 2022 | Volume 13 | Article 836943


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1038/ismej.2013.237
https://doi.org/10.1038/ismej.2013.237
https://doi.org/10.1038/s41579-021-00648-y
https://doi.org/10.1144/m55-2019-8
https://doi.org/10.1016/j.jvolgeores.2007.08.006
https://doi.org/10.1016/j.jvolgeores.2007.08.006
https://doi.org/10.1017/S0954102001000396
https://doi.org/10.1111/j.1462-2920.2009.01859.x
https://doi.org/10.1099/ijs.0.062232-0
https://doi.org/10.1111/j.1462-2920.2012.02872.x
https://doi.org/10.1111/j.1462-2920.2012.02872.x
https://doi.org/10.1111/j.1462-2920.2008.01621.x
https://doi.org/10.3389/fmicb.2013.00084
https://doi.org/10.1111/j.1462-2920.2008.01584.x
https://doi.org/10.1111/j.1462-2920.2008.01584.x
https://doi.org/10.3389/fmicb.2015.00179
https://doi.org/10.3389/fmicb.2011.00093
https://doi.org/10.1038/211440a0
https://doi.org/10.1371/journal.pone.0212355
https://doi.org/10.1371/journal.pone.0212355
https://doi.org/10.1017/S095410201500067X
https://doi.org/10.1017/S095410201500067X
https://doi.org/10.1371/journal.pone.0062901
https://doi.org/10.1371/journal.pone.0062901
https://doi.org/10.1128/AEM.02294-08
https://doi.org/10.1144/GSL.SP.2003.213.01.14
https://doi.org/10.1128/AEM.02753-12
https://doi.org/10.1016/j.mimet.2012.07.008
https://doi.org/10.21105/joss.01686
https://doi.org/10.1128/msphere.00186-20
https://doi.org/10.32614/rj-2016-025
https://doi.org/10.1264/jsme2.ME17015
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Unique Geothermal Chemistry Shapes Microbial Communities on Mt. Erebus, Antarctica
	Introduction
	Materials and Methods
	Site Description and Soil Collection
	Geochemistry
	DNA Extraction, Amplification, and Sequencing
	Sequence Quality Control and Taxonomic Assignment
	Statistical Analyses
	Random Forest Analysis
	Network Analysis

	Results
	Soil Geochemistry Characterization
	Effects of Geochemistry on Diversity
	Random Forest Analysis
	Network Analysis and Modularity

	Discussion
	Abiotic Drivers of Microbial Communities Between Sites
	Biological Differences Between Sites
	Differences in Physicochemistry and Biology Within Tramway Ridge
	Potential for Phototrophy and Chemolithotrophy to Support Microbial Communities

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding

	References

