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Abstract

Mt. Erebus, the world’s southernmost active volcano, is highly isolated, yet a previous study found its
heated soils contain prokaryotes found elsewhere globally. This was unexpected, as non-sporulating
thermophilic microorganisms are thought to be dispersal limited. We searched for the presence of
metagenome assembled genomes (MAGs) from Antarctic geothermal sites outside Antarctica, finding
that 62% of MAGs had matching species globally. Three of these cosmopolitan thermophiles isolated
from Mt. Erebus could survive atmospheric-like conditions, with UV being the strongest selective
pressure. Moreover, hot soils from Hawailli sampled four years after a lava flow hosted many
thermophilic MAGs with identical strains elsewhere globally, indicating that dispersal/recolonisation by
thermophiles can be rapid. Finally, ice core sections from Fang Glacier (Mt. Erebus) associated with
volcanic events were enriched in thermophiles, implying that thermophiles could disperse via volcanic
events. Our findings dispel the common conception of thermophilic microorganisms as being inherently
dispersal limited.

Introduction

The phenomenon of microorganisms being transported globally via aeolian dispersal is well-studied 73,
with modelling showing that intercontinental transport has the potential to occur for microbial
organisms . There are multiple nuances to this global aeolian dispersal, however, with transport
between hemispheres having a lower likelihood of occurring #. Moreover, cell size, seasonality
(windspeed variation and the nature of particulates in the air between seasons), and source ecosystem
type strongly influence atmospheric residence times for prokaryotic cells, which tend to be on the order
of days to weeks #°. The most important nuance, however, is that not all microbial organisms can
survive aeolian transport ®. Some microbial species are at the extreme ends of distribution, being
extremely broadly distributed globally (e.g., /) or endemic to a given region (e.g., the thermophilic genus
Venenivibrio, phylum Aquificota, endemic to Aotearoa-New Zealand &). However, most prokaryotic
species fall into the middle range of being neither extremely narrowly nor globally distributed 2. Indeed,
geographic distance can often be a primary determinant of microbial population structure °, especially
when taxonomic resolution is considered '°. It is often thought that terrestrial microorganisms are more
capable of long-distance dispersal than marine microorganisms, due to their ability to “hitch a ride” on

dust particles, providing protection from UV damage '"'2. Recently, an important, but not mutually
exclusive, distinction has been made between microorganisms with “disperser” and/or “colonizer” traits

13 Dispersal-associated traits allow greater chances of survival during aeolian dispersal conditions ©
(high UV exposure, freezing conditions, starvation, desiccation 12'14), while colonizer-associated traits

allow for the quick establishment of a species upon arrival at a site '3.

In contrast, thermophilic prokaryotes (optimal growth temperature = 50°C) are generally thought to be
much more severely geographically isolated than mesophilic prokaryotes. For instance, hot spring
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cyanobacteria have been found to be geographically isolated '>'6, despite many mesophilic
cyanobacteria being capable of long-range dispersal '’. Thermophilic microorganisms from Yellowstone
National Park were also found to be geographically isolated from each other, with volcanic caldera
history being the most important factor for distribution and no evidence for contemporary dispersal '2.
Thermophilic microorganisms from a variety of other hot spring environments have similarly indicated a
lack of evidence for dispersal between regions, with few widespread lineages '°=2". A survey of the
global dispersion of microorganisms from different habitats inferred the lowest rates of dispersal for
microorganisms from hot springs of any environment studied except the subsurface 2. This dispersal
limitation is generally attributed to the discontinuous and often distant nature of potential habitats for
thermophiles (and extremophiles more broadly), given that these microorganisms often have specific
growth requirements for intemperate habitats 2'23. The strong environmental filtering of many
geothermal environments has also been cited as a significant factor restricting the dispersal of

thermophiles 242°. Endospore-forming Geobacillus (and related genera) are a notable exception to this
26,27

trend, with their spores being known to be extremely widespread in distribution
Antarctic geothermal soils provide an excellent study site to explore the dispersal capabilities of
thermophilic microorganisms. These habitats are geographically and environmentally isolated, being
surrounded by snow- and ice-covered soils year-round. Antarctica is also relatively isolated with regards
to off-continent atmospheric inputs, with most aerial dispersal of microbes in Antarctica occurring from
other sites in Antarctica®28. However, geothermally heated soils from Mt. Erebus, the southernmost
active volcano in the world and largest geothermally active region in Antarctica, were found to harbour a
large number of prokaryotes highly similar (> 97% ID based on the V4-V5 region of 16S rRNA gene

sequence) to species found elsewhere globally 2°.

In this study, we sought to build on these previous findings, starting by exploring the distribution of
recently published metagenome assembled genomes (MAGs) from four Antarctic geothermal sites:
Tramway Ridge, Western Crater (both from Mt. Erebus), Mt. Melbourne, and Mt. Rittmann 3C. Using MAGs
provides clearer taxonomic resolution, more confidence in matches, and information about genomic
content that could facilitate the exploration of disperser and colonizer traits. We sought to address the
following questions: (1) Can we find support, using MAGs and cultures from Antarctic geothermal sites,
for the presence of a population of globally distributed, thermophilic microorganisms? If so, (2) how
frequent are these dispersal events (extremely rare vs. common)? (3) What traits might allow long-range
aeolian dispersal? (4) What are the potential mechanisms for thermophiles to get into the atmosphere?
Our null hypothesis was that thermophiles exhibit strong geographic localization and little to no global
dispersal. Our alternate hypothesis was that there is a globally distributed population of thermophiles,
with dispersal events happening regularly (on the scale of months to years) and similar traits to
mesophiles enabling this dispersal. Finally, we explored the hypothesis that volcanic events play a role in
dispersing thermophiles.
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Results

Global distribution of Antarctic geothermal thermophilic
microorganisms

Given that our first question focuses on whether thermophiles are capable of global dispersal, we chose
to focus on the most isolated geothermally active sites in the world: geothermally heated soils in
Antarctica (Tramway Ridge and Western Crater from Mt. Erebus, as well as Mts. Melbourne and
Rittmann; Table 1). These sites are not only very geographically isolated from other geothermal sites but
also are surrounded by an environment hostile to thermophiles (extreme cold, snow/ice), are extremely
isolated from human contact (most are within Antarctic Specially Protected Areas), and are ecologically
simple (the only visible life present consist of scattered mosses and cyanobacterial mats). The largest of
these sites, Mt. Erebus, is the southernmost active volcano on Earth and harbours extensive,
geothermally heated soils up to 65°C. We reasoned that, if the null hypothesis is correct, these highly
geographically and environmentally isolated sites should be almost exclusively made up of non-
cosmopolitan, potentially endemic species. We thus examined the global distribution of recently
published 3°, de-duplicated metagenome assembled genomes (MAGs) binned from these sites, filtered
thermophiles based on predicted optimal growth temperature = 50°C.
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Table 1
Sampling locations and sample information for samples used in this paper. n.m.: not measured. n.a.: not

applicable.
Sample Site Latitude Longitude Sampling Soil Temp.
year pH (°C)
Mel1-3 Mt. Melbourne, -74.350016  164.700139 2011 6.43 52
Antarctica
Ritt1-3 Mt. Rittmann, -73.448445 165.497444 2011 6.73 69
Antarctica
WC-50 Mt. Erebus - -77.531962 167.117093 2019 9.2 50
Western Crater,
Antarctica
TR Mt. Erebus - -77.518333  167.111389 2009 6.3 65
Tramway Ridge,
Antarctica
F8-8-22 Fissure 8, Hawaii 19.4615 -154.90906 2022 n.m. 55
F8-9-22 Fissure 8, Hawaii 19.4615 -154.90906 2022 n.m. 56.7
F8-11-22 Fissure 8, Hawaii 19.4615 -154.90906 2022 n.m. 55
F8-14-22 Fissure 8, Hawaii 19.4615 -154.90906 2022 n.m. 57.6
F8-15-22 Fissure 8, Hawaii 19.4615 -154.90906 2022 n.m. 55
Fang1 - Mt. Erebus — Fang -77.4954 167.2311 2007 n.a. n.a.
Fang25ice Glacier, Antarctica
cores
TR air Mt. Erebus - -77.518333  167.111389 2023 n.a. n.a.
Tramway Ridge,
Antarctica
WC air Mt. Erebus - -77.531962 167.117093 2023 n.a. n.a.
Western Crater,
Antarctica

We used branchwater to search the Sequence Read Archive (SRA) for metagenomes containing any of
these MAGs, with YACHT used to generate MAG-specific, dataset-specific containment-based ANI
thresholds at which each MAG could be classified as present in each metagenome (at an ANI of 96% to
reduce false positives) (see Table S3 for cANI thresholds used for each MAG). We defined
“cosmopolitan” MAGs as those that had a matching species (ANI = 96%) present in at least two
metagenomes (to avoid spurious hits on singleton metagenomes) outside of Antarctica. We classified
other MAGs as “unknown,” given that the absence of a MAG in the SRA does not necessarily indicate that
that MAG is endemic due to sampling bias. See Methods for a further explanation.

Based on these criteria, we identified 18 cosmopolitan MAGs and 11 MAGs with unknown global
distribution MAGs (62% cosmopolitan). These thermophilic, cosmopolitan MAGs were from a variety of
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phyla, including Acidobacteriota, Armatimonadota, Chloroflexota, CSP1-3 (also known as GAL-15, now Ca.
Sysuimicrobiota 3'), Deinococcota, Dormibacterota, Gemmatimonadota, and Thermoproteota (Figure S2,
Table S4). These MAGs were globally distributed, with the average number of unique geographic
locations per MAG being eight (median: 5 locations) (Fig. 1A, Table S4). The containing metagenomes
came from a variety of habitat types, with non-hydrothermal soil and hydrothermal environments being
the most common types (Fig. 1B).

If thermophiles are inherently less dispersed than mesophiles (null hypothesis), we would predict that a
greater proportion of mesophiles from these Antarctic geothermal sites would be globally cosmopolitan.
However, the opposite was true: 32 out of 82 mesophilic MAGs were globally cosmopolitan (39% of
MAGS) (Table S4). However, the cosmopolitan mesophiles tended to have a greater distribution (mean
global locations: 25, median: 6; Table S4) than thermophiles. Across both thermophiles and mesophiles,
we did not see a particularly strong phylogenetic signature, with cosmopolitan and non-cosmopolitan
representatives found in all phyla with more than one MAG (Figure S2). Three exceptions stood out: the
phylum Proteobacteria (Pseudomonadota) had a large proportion of cosmopolitan MAGs (9/11 MAGS),
the phylum Bacteroidota did not have any cosmopolitan MAGs, and the class Ktedonobacteria (phylum
Chloroflexota) did not have any cosmopolitans.

Cultures validate the ability of certain thermophiles to survive
dispersal conditions

We were able to culture three cosmopolitan thermophiles from Mt. Erebus: two from surface Tramway
Ridge soils from the Deinococcota phylum, family Thermaceae, Calidithermus sp. Yb (99.6% ANI to
Erebus-TR_bin.4) and Thermus sp. SS11024-3 (99.4% ANI to Erebus-TR_bin.12); and a strain of
Geobacillus thermoleovorans (st. GW348) from fumarolic steam at Tramway Ridge (99% ANI to
Geobacillus thermoleovorans, GCF_001610955.1) (Table 2). The Thermaceae isolates had matching
MAGs from our metagenome data, while the Geobacillus species was not identified as present in either
Tramway Ridge or Western Crater surface samples (using YACHT, 95% ANI). These species were found
to have a spectrum of global distribution and traits (Fig. 1, Table 2). We used these isolates to test their
capability of surviving aeolian dispersal conditions (UV exposure, desiccation, starvation, and freezing),
with the hypothesis that the species with the broadest distribution (Calidithermus sp. Yb and G.
thermoleovorans st. GW348) would have the greatest tolerance and the species with the narrowest
distribution (Thermus sp. SS11024-3) would have the least tolerance. Given the known sporulation ability
of G. thermoleovorans, we tested whether it would show increased tolerance to dispersal conditions
when increased spores were present in the culture. Our use of G. thermoleovorans also served as a

positive control, given that this genus is known to be extremely widespread globally 32.
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Table 2

Genome information, taxonomy, and global distribution (based on branchwater results) of the three
thermophilic species used for survival tests. *: number of DNA repair genes associated with UV

resistance 192,
Genus, species Y1b S$S11024-3 GW348
Calidithermus sp. Thermus sp. nov Geobacillus
nov thermoleovorans st. GW348
Genome size, Mbp 3.47 2.11 3.32
Genome 100 99.58 100
completeness, %
Genome 0.86 1.29 0.04
contamination, %
GC content, % 68.43 64.87 53
Coding sequences 3332 2108 3371
DNA repair genes* 78 52 48
Pigmentation? Yellow Yellow None
Matching MAG Erebus-TR_bin.4 Erebus-TR_bin.12 NA
(99.6% ANI) (99.4% ANI)
Global distribution 3 continents; 7 1 continent; 5 3 continents; 20 locations
locations locations

We found that all three species (and both vegetative and spore-enriched G. thermoleovorans) were highly
resilient to freezing, starvation, and desiccation up to ~ 30 days (Fig. 2A). Of the four tested
species/physiological states, vegetative G. thermoleovorans cells showed the most vulnerability to the
treatment, with percentage survival falling to 10% within 1 day and staying around 5-10% for the
remainder of the experiment. All others exhibited similar survival rates (> 50% surviving) for the entire
course of the experiment.

For UV exposure, we chose to use UV-C (200-280nm), which is the most lethal of the UV wavelength
ranges. We exposed liquid cultures to a maximum of 1800 J/m? of UV-C (18 mins exposure under a
germicidal UV-C lamp), which is roughly equivalent to 5 days of exposure in the stratosphere at 20 km
altitude at a mid-latitude location in boreal springtime '°. We observed much less resilience of our
cultures to UV-C exposure than freezing/desiccation/starvation (Fig. 2B). Thermus sp. SS11024-3 was
the most susceptible, with only 2.4x10™°% of cells surviving at 1800 J/m? (18 min exposure). Spore-
enriched G. thermoleovorans st. GW348 exhibited the most UV resistance, with 0.01% of cells surviving at
the maximum UV-C dose. Calidithermus sp. Yb initially showed the most UV resistance at 500 J/m? UV-C
(5 min exposure; 0.8% of cells surviving) but then fell to similar survival rates as vegetative G.
thermoleovorans.
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We also explored the temperature tolerance of the two Thermaceae species to determine if they would
be capable of growth at mesophilic temperatures encountered in non-geothermally heated soils. We
found that Calidithermus sp. Yb was capable of appreciable growth at 35 and 45°C, while the lowest
temperature at which Thermus sp. SS11024-3 showed appreciable growth was 45°C (Table S6).

Exploring traits that may enable dispersal and colonization in
thermophiles

We next sought to explore what traits may be enabling the survival of thermophiles under aeolian
dispersal conditions (high UV, low temperatures, starvation conditions '2). We used the framework
recently proposed '3 for distinguishing between dispersal traits (GC content 3334 [although this is a

complex trait 3>3€], DNA repair 3/-*8, dormancy-related genes '3, and the metabolic potential for trace gas

39.40) and colonization traits (metabolic generalism 7#14? (genome size 7, metabolic flexibility

utilization
7:42) wider tolerance to different growth conditions 7, and faster maximal growth rates '%). We
acknowledge that this analysis is challenging to conduct, given that we are categorizing MAGs into
binary bins of “cosmopolitan” and “MAGs with unknown global distribution,” which oversimplifies the
situation. However, our goal is to provide preliminary evidence of the types of adaptations required for
global dispersal and compare between thermophiles and mesophiles in the same sample set to

determine if similar adaptations are required for both.

We did not find any significant differences (two-sided Wilcoxon test, Benjamini-Hochberg adjustment for
multiple tests, p > 0.05) between Antarctic geothermal cosmopolitan and unknown MAGs in any of the
traits studied, including other traits not known to be linked to dispersal or colonisation, except for
temperature range (Fig. 3A-C, Figure S3). For temperature range, cosmopolitan MAGs were predicted to
have a median range around 24°C, compared to around 20°C for unknowns. Cosmopolitans did tend to
have a greater GC content than unknowns (Fig. 3A), and cosmopolitans also tended to be more likely to
have greater amounts of dormancy-related genes (Fig. 3B). Mesophilic, cosmopolitan MAGs from
Antarctic geothermal sites had significantly (Wilcoxon p < 0.05, Benjamini-Hochberg adjusted for
multiple tests) greater GC content than unknown MAGs, but the two categories were not significantly
different in any other traits, including dormancy-related genes (Figure S4A-D).

We then looked for the presence of a correlation between either of these traits (GC content and
temperature range) and the maximum distance between Mt. Erebus and SRA metagenome samples with
a matching species. Longer distances indicate either that that species has arrived at that more distant
point via a single, longer trip in the atmosphere, or that it has successfully survived multiple, shorter
trips, with multiple colonization events having taken place. We found that, for both thermophiles and
mesophiles, there was a significant (p = 0.009 or 2.21E" ° for thermophiles or mesophiles, Benjamini-
Hochberg adjusted), strong (R? = 0.42 or 0.46 for thermophiles or mesophiles), positive linear correlation
between GC content of cosmopolitan MAGs and maximum distance (Fig. 3D, Figure S4E). Both
mesophiles and thermophiles had similar linear regression equations, with MAGs having maximum
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distances > 30,000km having GC > 0.66 or 0.62 (thermophiles or mesophiles). There was no significant
correlation between growth temperature range and maximum distance for thermophiles (adjusted p =
0.31).

We also found that cosmopolitan thermophilic MAGs were more likely (6/18 vs. 2/11 for cosmopolitan
vs. unknown, respectively) to have predicted hydrogenase genes than the other categories of MAGs, as
well as having a greater diversity of hydrogenase gene types (Fig. 3E). Four of the six cosmopolitan
MAGs with hydrogenases had high affinity 3 (Group 1h or Group 2a) hydrogenases, as opposed to only
one MAG from the unknown group. Additionally, cosmopolitan MAGs were more likely to be
phototrophic. This was not the case for mesophiles, with similar proportions of cosmopolitans or
unknowns having various dispersal-related predicted metabolisms (Figure S4F).

Evidence indicates dispersal of thermophilic microorganisms can be
frequent

Our above results do not indicate the frequency with which dispersal events might occur for
thermophiles. To begin to answer this question, we collected soil samples from geothermally heated
soils (> 50°C) in Fissure 8 (Hawailli Island, USA) within 4 years of the formation of these geothermal hot
spots due to a lava flow (Table 1). We binned 19 predicted thermophilic MAGs from metagenomes
generated from these samples (Table S4) and performed the same branchwater analysis as above. We
predicted that, if the null hypothesis is correct, all these MAGs would have arrived either locally from
nearby geothermal sites or globally from known sporulating thermophiles (e.g., Geobacillus). If our
alternative hypothesis is true, we would still expect many Fissure 8 MAGs to have arrived from local
sources, given their proximity, but we would also expect to see a non-zero proportion of the MAGs to be
globally cosmopolitan, non-Geobacillus-type species with matching strains globally (given their recent
arrival).

Given that we were looking for evidence of recent dispersal events (< 4 years), we used a cANI threshold
of 100% to identify identical strains in metagenomes globally using branchwater, reasoning that recent
arrivals to the site should have little to no divergence from the site of origin. We identified 8 MAGs that
had identical strains present globally, all but one of which were from metagenomes outside of Hawailli
(Figure S5; Table 3). These MAGs were almost exclusively found in samples from the northern
hemisphere (Figure S5). Of these 8 MAGs, several came from identical phyla (and, in the case of
Chthonomonas and Pyrinomonas, identical genera) as Antarctic geothermal cosmopolitan thermophiles
(Table S4).
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Table 3

Searching for identical strains (CANI = 100%) of Fissure 8 MAGs in either recently published
metagenomes from Hawaiian hot soils or the Sequence Read Archive globally. Global loc.: number of
locations the MAG was identified in at 100% cANI globally in the SRA.

MAG
F8-12-22_bin.26
F8-14-22_bin.11
F8-14-22_bin.23
F8-14-22_bin.9
F8-8-22_bin.5
F8-9-22_bin.4
F8-12-22_bin.19
F8-12-22_bin.22
F8-14-22_bin.3
F8-14-22_bin.8
F8-11-22_bin.13
F8-11-22_bin.30
F8-13-22_bin.10
F8-9-22_bin.1
F8-9-22_bin.3
F8-12-22_bin.20
F8-12-22_bin.5
F8-14-22_bin.18

F8-8-22_bin.9

Hawai'i
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE

Global
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
TRUE
TRUE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
TRUE
TRUE
TRUE

Global loc.

o O o o o o

(]

Phylum
Acidobacteriota
Thermoproteota
Deinococcota
Chloroflexota
Chloroflexota
Chloroflexota
Desulfobacterota_D
Chloroflexota
Chloroflexota
Armatimonadota
Armatimonadota
Chloroflexota
Chloroflexota
Chloroflexota
Deinococcota
Acidobacteriota
Chloroflexota
Chloroflexota

Acidobacteriota

Class
Terriglobia
Thermoprotei_A
Deinococci
Chloroflexia
Dehalococcoidia
UBA2235
UBA1144
Dehalococcoidia
Dehalococcoidia
HRBIN17
Chthonomonadetes
Chloroflexia
Dehalococcoidia
Ktedonobacteria
Deinococci
Blastocatellia
Ktedonobacteria
Dehalococcoidia

Terriglobia

We compared these results to those obtained using sourmash gather (the same algorithm used by
branchwater) with Fissure 8 MAGs against a recently published dataset of 51 metagenomes from

geothermal sites in Hawailli spanning a range of soil temperatures, 30-69°C (closest site to Fissure 8: 5

km) 44, using the same 100% cANI threshold (Table 3). We found 6 MAGs that did not have matching

strains present in either Hawaiian or global datasets, 5 that were present in the Hawaiian dataset but not

global, 4 that were present in the global dataset but not Hawaiian, and 4 that were present in both

Hawaiian and global datasets. MAGs present in both datasets tended to have greater numbers of global

locations compared to those found only in the global dataset. None of these MAGs were from
Geobacillus or related groups known to be sporulating, globally distributed thermophiles. While we
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cannot rule out the possibility of these strains having arrived in Fissure 8 from Hawaiian geothermal
sites that have yet to be sampled, our results provide at least preliminary evidence of these thermophiles
having recently (within 4 years) arrived due to long-range aeolian dispersal.

Exploring potential mechanisms for thermophiles to enter the
atmosphere for dispersal

Finally, we examined how these cosmopolitan thermophiles might be achieving the atmospheric height
necessary for long-range aeolian dispersal. Given that thermophiles inhabit hot soils surrounding
volcanic areas, and diatoms are known to be dispersed long distances in volcanic eruptions 4>, we
hypothesized that volcanic events could provide a novel mechanism for thermophiles to enter higher
atmospheric layers for dispersal, in addition to normal, wind-driven aeolian dispersal. To assess this
hypothesis, we used 16S rRNA gene sequencing on tephra (associated with a volcanic event, 20
sections) and ice (5 sections) sections of a 12.5m ice core collected from Fang Glacier, Mt. Erebus,
approximately 4,000m from the caldera (Fig. 4A, Table S7). Based on water isotope dating, the first meter
of this core represents approximately 2.5 years of accumulation, suggesting the total 12.5m core is likely
no more than 50 years old (Figure S6, Table S8).

These ice core sections were extremely low biomass, with a total of 143 ASVs (average reads per ASV:
361) (Table S9). An additional 36 ASVs were removed from the data set based either on their presence in
one of the controls or taxonomic classification (Table S10). The three most abundant phyla identified
were Pseudomonadota (35.8% of total reads), Bacillota (12.5%), and Actinomycetota (11.1%) (Fig. 4B,
Figure S7). When comparing the ice and tephra portions of the core, we did not find noticeable
differences between the two types of sections in the number of reads recovered or in alpha diversity
(richness and Shannon diversity, Fig. 4C-D).

If volcanic events are a potential mechanism for dispersal of thermophiles, we would expect to see an
enrichment of thermophiles in the tephra layers compared to the ice layers. Our findings support this
hypothesis. Of the 143 ASVs recovered, only 16 ASVs (11.2% of total) were found in both tephra and ice
layers. 116 taxa were found exclusively in the tephra layers (the 25 most abundant of these ASVs are
shown in Fig. 5). Of these ASVs, many are associated with thermophilic or moderately thermophilic taxa
— including Vulcanibacterium, Rubrobacter naiadicus, Geobacillus thermoleovorans (which, as noted
previously, was cultured from Erebus fumarolic steam) and Thermogemmatispora (two MAGs from this
genus were identified in the Fissure 8 samples, F8-12-22_bin.5 and F8-9-22_bin.1; Table S4). The ASV
most associated with tephra layers, ASV_1, could not be identified to a genus, but is associated with the
family Hydrogenophilaceae (phylum Pseudomonadota) whose described genera are all thermophiles 4.
While we did find many non-thermophilic ASVs to be associated with the tephra layers, no thermophilic
ASV was found to only be associated with the ice (non-tephra) layers. We also identified 10 ASVs that
were exclusively found in the ice layers, all of which have previously been identified in Antarctic or high-

alpine environments (e.g., Modestobacter, Hymenobacter terrae, Asinibacterium, etc.) 4”*8. Interestingly,
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we found that the thermophilic taxa from the tephra layers were also present in a dataset of 166
Antarctic soils from four Antarctic bioregions #’. These thermophilic ASVs were not abundant in these
soil communities (average 0.86% of total reads per sample, range: 0.008-8.9% of reads) and are unlikely
to be active members of the community; rather, these ASVs are likely to have been deposited due to
volcanic activity either on Erebus or other Antarctic geothermal sites.

We also collected air samples from Tramway Ridge and Western Crater on Mt. Erebus, to provide
corroborating evidence that thermophiles can become airborne. After removing potential contaminants,
we were left with 78 ASVs, mainly from phyla such as Actinomycetota, Bacillota, Chloroflexota, and
Pseudomonadota (Figure S8A-B, Table S11). These samples were also low biomass (815 and 616 reads
from Tramway Ridge and Western Crater, respectively). We identified several thermophilic genera in
these samples: Thermus, Acidothermus, and Chthonomonas, the latter of which genus has two MAGs
belonging to it in our data set, one from Mt. Rittmann (Ritt_bin.13.permissive_final) and one from Fissure
8 (F8-11-22_bin.13). We also found several other taxonomic groups that contain thermophilic species
(Armatimonadaceae, Acidibacillus, and Candidatus Koribacter). Moreover, out of the 43 unique genera in
our data set, 16 were present in previously published data from various geothermally heated soils around
Mt. Erebus®’, especially at higher-temperature, exposed sites (Figure S8C). These results, while
preliminary, indicate that thermophilic microorganisms from geothermally heated soils on Erebus can

become airborne and dispersing locally, as previous metagenomic evidence indicated 8.

Discussion

We present here strong evidence for the presence of globally distributed, cosmopolitan thermophilic
microorganisms beyond previously known endospore-forming Bacillota members 26. Our results (1)
indicate that there is nothing a priori that prevents non-spore-forming thermophiles from achieving global
distribution via aeolian dispersal (Fig. 1, Fig. 2); (2) identify several potential routes implicated in the
successful dispersal of thermophiles (greater GC content, expanded growth temperature tolerance)

(Fig. 3, Figure S4); (3) provide evidence that this dispersal can happen on a regular basis (Table 3); and
(4) expand the types of microbes dispersed during a volcanic event beyond diatoms to include a variety
of thermophiles (Fig. 4). Below, we discuss these four primary results in turn.

The taxa we identified as cosmopolitan in distribution are highly similar to thermophiles previously
identified from Tramway Ridge as potentially cosmopolitan based on 16S rRNA gene sequence 2°; these
include OTUs from the genera Meiothermus and the phyla CSP1-3 (Ca. Sysuimicrobiota, previously
GAL15), Chloroflexota, and Acidobacteriota. Interestingly, we found that an archaeal MAG from Tramway
Ridge previously identified as highly likely to be endemic, Ca. Australlarchaeum erebusii #°, has a
matching species in a South American metagenome sample. This MAG had also previously shown
evidence of dispersal between Antarctic geothermal sites 3% further study is needed to explore how
divergent the South American strains are from the Erebus strains. The South American origin of this
species and of several other cosmopolitan MAGs from Antarctic geothermal sites matches the well-
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known South American (especially Patagonian) origin for most dust particles found in Antarctica *°. We
also note that a species from one of the two genera common to both Erebus and the Fissure 8 samples,
Chthonomonas (non-spore forming), has previously been identified as being capable of dispersal widely

across Aotearoa-New Zealand °'.

Our branchwater results do not rule out the possibility that geographic isolation has led to distinct local
populations of thermophiles within species post-colonization (as previously found 2'), since our results
only give presence information. Indeed, the strong environmental selection found at many geothermal
sites could predispose successful dispersers towards diversifying quickly. Additionally, our results
cannot give evidence about activity levels of present species; metatranscriptomic and/or culturing
studies would be needed. We also note the concern that our results could be due to contaminants being
present in metagenome sequences. However, none of the cosmopolitan thermophiles we identified are
known contaminants, which tend to be from Pseudomonadota, Bacillota, and Actinomycetota 553,

Additionally, negative controls run in parallel to the Fissure 8 samples did not return any of the same

species identified in those metagenomes °*.

Previous studies have indicated that strong selective forces act on microorganisms during atmospheric
dispersal, especially UV &'2. Our survival tests (Fig. 2) indicate this is also the case for thermophiles.
Thus, traits associated with surviving UV exposure would be the most likely to assist with dispersal. For
our UV experiments, we used a maximum UV-C dose equivalent to 5 days at 20 km altitude, although in
our experiments, the cultures were in liquid culture, whereas in the atmosphere they would most likely be
frozen as single cells. A previous study found that Deinococcus radiodurans had significantly greater
survival rates during gamma irradiation when the cells were frozen for the irradiation °°; thus, it is likely
that our UV experiments are under-estimating the survival rate of our test species. Microbes dispersing
via the atmosphere would not necessarily have to reach an altitude of 20 km for long-range travel and
thus would have lower UV exposure, but 5 days could be sufficient time for a particle to travel from

Patagonia to West Antarctica °°.

Our results identified several traits that appear to be useful for increasing the global dispersal of
thermophiles: sporulation (or other dormancy-type resistant state), increased GC content, and/or
increased temperature growth range. The first two traits are most likely useful for reducing UV damage,
while the third trait is a colonization trait. Spores are known to be more resistant to harsh conditions,

including UV exposure %/, due to their protective layers. Unfortunately, given that there is no common
genetic basis for sporulation across phyla, we were unable to include this strategy in our MAG trait
analysis. However, in addition to our Geobacillus spore-enriched survival tests, we did observe that the
genus Thermogemmatispora, which is known to be sporulating °°°, was identified both in the Fissure 8
samples (F8-12-22_bin.5) as well as in the Fang glacier ice core (Table 3, Fig. 5). With regards to
increased GC content, this trait seems to be a common trait across cosmopolitan thermophiles and
mesophiles (Fig. 3D, Figure S4E). Greater GC content has previously been postulated to be correlated

with increased exposure to sunlight, with the reasoning being that pyrimidine dimers (formed from
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adjacent thymidines or TC bases) are one of the major products of ultraviolet damage; thus, decreasing
the amount of thymidines would decrease the potential for these harmful dimers 330, However, GC
content is a complex trait, and it is likely that UV alone is not sufficient to explain the differential GC
contents in these organisms. Other potential traits that could be involved in UV resistance such as
pigment formation or adhesion to particles also do not have well-defined genetic bases that would allow
for their inclusion in our analysis. Adhesion to particles could be helpful for increasing the availability of
moisture to the cells and thus is likely to be an important trait ''. DNA repair mechanisms are also likely
to be important for repairing lesions from UV damage; the non-significant results we observed could be
due to a lack of phylogenetic coherence in this trait.

Recently, it has been proposed that trace gas metabolism may aid in dispersal of microorganisms, either

3961 or to assist with

through active trace gas metabolism during dispersal to aid in maintenance costs
colonisation upon arrival in a new habitat 2°. Our results provide preliminary evidence in support of the
hypothesis that trace gas metabolism may be an important dispersal trait for thermophiles (but not
mesophiles), with cosmopolitan thermophiles enriched especially in Group 1h hydrogenases (high
affinity), in addition to CO dehydrogenases (Fig. 3D). However, we cannot distinguish between the two

proposed uses of trace gas metabolism (during transport or to support colonisation upon arrival).

One of the commonly given reasons for why thermophiles are dispersal limited is the infrequency of
geothermal habitats, making it less likely for dispersed thermophiles to find a high-temperature habitat
26_Qur traits-based results indicated that cosmopolitan thermophiles are more likely to be able to grow
even under mesophilic conditions than non-cosmopolitan thermophiles. Our culturing results also help
support this. Calidithermus sp. Yb, a widely distributed thermophile found in a wide variety of habitats
beyond hydrothermal, was capable of significant growth even at 35°C (Table S6), a temperature likely to
be experienced in many non-polar mesophilic soils. Thermus sp. SS11024-3, on the other hand, was
almost exclusively found in hydrothermal habitats globally, and was incapable of growth at temperatures
below 45°C. Another potential answer to this conundrum lies in several previously overlooked non-
geothermal habitats globally, identified in our branchwater results, that experience thermophilic
temperatures (Table S5). For instance, several cosmopolitan MAGs were found to be present in compost,
landfill, and/or mine fire and peat fire impacted soils, metagenomes, all of which can reach thermophilic
temperatures %263,

Our results from Fissure 8 provide preliminary evidence that some thermophilic species are capable of
frequently dispersing between distant sites via aeolian dispersal. It is possible that the cosmopolitan
MAGs in the Fissure 8 samples that have matching strains globally but not in Hawai‘i may have come
from Hawaiian sites that have yet to be sampled. Still, the presence of identical strains elsewhere, from
samples collected prior to the eruptive event (all global matching metagenomes were sampled prior to
2021; Table S5), indicates either recent arrival of these organisms or regular dispersal between Hawaiian
sites and globally dispersed sites. The fact that these identical strains were found in metagenomes
almost exclusively from the Northern Hemisphere (Figure S5) is in line with expectations about the origin
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of species, given that the hemispheres are relatively isolated from each other. Further studies are needed
on the evolutionary history of these MAGs at Fissure 8 and identical strains globally to provide further
evidence of their dispersal history.

The Fang Glacier ice core data provide strong evidence that thermophiles are dispersed during volcanic
events at least locally (~ 4km from the Main Crater). Given the < 50-year age of this core, the tephra
layers present can conclusively be attributed to eruptions from Mt. Erebus and likely correspond to ~ 1-
year-long periods of higher eruptivity from the volcano 4. Volcanic activity beyond eruptions could also
be a vector for thermophilic dispersal, such as the continual Erebus plume which can shift directions
depending on wind direction (see Figure S9). Further sampling of Mt. Erebus hot soils, especially within
the Main Crater itself, would help identify whether any of the thermophiles identified in either of these
sampling sets are growing in an area where they would easily be picked up by volcanic activity.

Interestingly, the ASV most associated with the tephra layers came from the same family

(Hydrogenophilaceae) as DNA signatures from an ice core collected from Lake Vostok ©°, Antarctica, ~
1400 km from Mt. Erebus. The presence of this thermophile in Lake Vostok was attributed to subglacial
hydrothermal activity below Lake Vostok, but given our results, an alternate explanation could be
atmospheric deposition from volcanic activity. Our results are also supported by a previous study that
found that the air above the McMurdo Dry Valleys, 100 km from Mt. Erebus, contained many presumed
thermophiles, attributed to Mt. Erebus and other continental Antarctic geothermal sites 6. Our results
cannot indicate how far these thermophiles may be dispersed during a volcanic event, but volcanic
eruptions tend to eject particulate matter 5-20 km into the atmosphere, which could easily lead to long-
range aeolian dispersal. Our findings also give no indication of whether these thermophiles are still
viable after the eruption.

Overall, our results provide evidence to reject the common idea that most thermophiles are dispersal
limited and unable to be globally distributed. We argue that past studies on the dispersal capabilities of
thermophiles have been incapable of fully answering this question because of a narrowness in
taxonomic or environmental scope. On taxonomy scope, many studies have been limited to a few

taxonomic groups, such as thermophilic cyanobacteria '°, archaea 2, or fermentative bacterial H,

producers 2. Our analyses examined dispersal capabilities of thermophiles without filtering for specific
taxonomy or metabolic capability. Additionally, all studies we could find on this topic focused on hot
spring environments. Our analyses expand on this by exploring thermophiles from geothermally heated
soils and examining potential dispersal agnostic of the habitat type successfully colonized. Although our
results cannot address whether hot soil or hot spring thermophiles are more widely dispersed, it is
reasonable to suggest that thermophiles from hot soils would be more likely to disperse due to

attachment to soil particles .

Further research is needed to continue to expand on several of our findings. For instance, studies are

needed to examine whether thermophiles can survive volcanic events and thus whether volcanic events

are truly a vector for thermophiles to disperse globally. Studies to determine the viability and activity of
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thermophiles in mesophilic samples are also needed. The sites used in this study did not have
particularly strong environmental selective forces such as extremes in pH or extremely high
temperatures; further studies are needed to examine whether microbes from other extreme types of
environments (acidophiles, halophiles, etc.) are globally dispersed. The use of tools such as branchwater
that allow for the rapid searching of the SRA will make these types of studies more feasible in the future.

Methods
Sample locations

Data used in this research has been compiled from several complementary, but independent, projects.
These include geothermally heated soils from Antarctic volcanic features: Tramway Ridge and Western
Crater on Mt. Erebus; Cryptogram Ridge on Mt. Melbourne, and Mt. Rittmann (these sites are described
in full in 39); biofilms near steam vents at a site (Fissure 8), sterilized by a lava flow 4 years prior to

sampling, from the Big Island, Hawai'‘i (described in °%); and an ice drill core collected from the cirque of
Fang Glacier on the northern flank of Mt. Erebus. Physicochemical parameters, sampling year, latitude
and longitude, and associated metadata for these features are presented in Table 1.

Branchwater analysis

We searched for the presence of near-identical species to Antarctic geothermal MAGs in the Sequence
Read Archive (SRA) using the branchwater CLI client v. 0.4.0, with default parameters®”:8: this tool is a k-
mer based approach for searching metagenomes (SRA was accessed 09-04-2026). The methods for
generating these MAG sequences are presented in 0. Putative hits of MAGs in metagenomes by
branchwater are defined by a given containment level and containment-based ANI (cANI). Containment
generally refers to the amount of genetic material from a MAG present in a metagenome, while cANI
refers to the percentage similarity of that material from the hit to the MAG. A containment of 0.3 (30%)
using a k-mer size of 21 (branchwater default) is generally regarded as sufficient genetic material to
determine whether a species is present °6°. However, cANI is not necessarily equivalent to ANI, and the
relationship between cANI and ANI can vary by genome, although a cANI threshold of 0.97 is generally
given as indicative of a species-level match (see the branchwater webserver,
https://branchwater.sourmash.bio). Past studies using branchwater have used a wide range of

containment and cANI thresholds, but they were less concerned about the possibility of false positives
68,70

Thus, we chose to first filter branchwater hits to those with > 0.3 containment. Then, for each MAG, we
sought to identify what cANI level was indicative of a matching species (using a stricter ANI of 96% to
reduce false positives) using a separate program, YACHT v.1.3.1 /!, which uses hypothesis testing and
containment to identify the presence of a genome in a metagenome at a given ANI threshold. In YACHT,
we used a k-mer size of 21 to match branchwater and minimum coverage of 1.0 to keep false positives

low. For each MAG, based on the branchwater results, we selected the metagenome with the lowest
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containment value = 0.3 and downloaded it from the SRA using the fasterg-dump command from the
SRA Toolkit v. 3.0.2. We then ran YACHT to identify whether that MAG was present (ANI = 96%) in that
metagenome. If present, we used the corresponding cANI value for that branchwater hit as the cANI
threshold indicative of a matching species. If not present, we moved to the next highest cANI value in the
branchwater results and repeated the downloading of the metagenome with the lowest containment and
running YACHT. This was repeated until either the MAG was identified as present in a metagenome, or a
cANI value of 0.97 was reached. We used 0.97 as the default threshold as this is generally used as a
conservative threshold for presence of a matching species in a metagenome at k = 21 . This generated
MAG-specific, dataset-specific cANI thresholds for presence of a near-identical species.

As in %, metagenomes from synthetic data based on the “organism” classification in NCBI were
removed. Metagenomes were classified as air, brackish, freshwater, host-associated, hydrothermal, ice,
marine, plant, soil, or wetland based on the “organism” classification in NCBI, with classification refined,
if necessary, using additional metadata available in NCBI or removed if no classification was possible.
Metagenome hits within 10 m were consolidated into a single “location” prior to mapping, with spatial
operations performed using the sf package v. 1.1-0 in R 72. Correlation between proportion of
hydrothermal habitats per MAG and number of locations globally was calculated using the nonlinear
least squares (nls) function in the base R Stats Package, v. 4.5.2.

A phylogenomic tree for all Antarctic geothermal MAGs was produced with GToTree v. 1.8.16 3, using
the prepackaged single-copy gene-set for Bacteria and Archaea (25 target genes). Briefly, Prodigal v.
2.6.3 74 was used to predict genes on input genomes provided as fasta files. Target genes were
identified with HMMER3 v. 3.4 7%, individually aligned with Muscle v. 5.1 78, trimmed with trimAl v.
v1.5.rev1 /7, and concatenated prior to phylogenetic estimation with FastTree2 v. 2.1.11 8. Four MAGs
were removed from the tree due to having too few hits to the targeted single copy genes: Erebus-
WC_bin.38.permissive_final, Erebus-WC_bin.59.orig_final, Mel_bin.5.orig_final, and Ritt_bin.10.strict_final.

The resulting tree was visualized and annotations added using iTOL 7°.

Isolation of Erebus bacteria and survival experiments

In this work, we isolated three thermophilic taxa: strains from the genera Geobacillus, Thermus, and
Caldithermus strain. The two Thermaceae strains were isolated from geothermally heated soils from
Tramway Ridge on Mt Erebus, collected in either November 2023 or 2024 from 10 cm depth. The top 10
cm were removed using a sterile scoop and soil was collected into a sterile 50 mL Falcon tube using a
sterile spatula. The soil temperature was checked prior to sampling using a Checktemp 1C electronic
temperature sensor (Hanna Instruments, Rhode Island, United States) and was found to be ~ 65°C. The
soil was kept warm until return to New Zealand for culturing. For Thermus isolation, soil crumbs were
plated onto 1% v/v R2A plates, solidified using 3% w/v Gelrite (Duchefa Biochemie, The Netherlands)
using 1 g/L CaCl, hexahydrate (Sigma-Aldrich) as the cation. Plates were incubated in a sealed container
at 65°C and colonies picked and re-streaked until pure. The Caldithermus strain was isolated in a similar
manner except using a 10% v/v R2A plates (pH 8.0) and incubations were undertaken at 55°C.
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For Geobacillus, sterile glass wool incubated for one year (November 2023 — November 2024) in a
borehole (temperature in borehole during the incubation: 62°C) in Tramway Ridge soils with fumarolic
steam as the sole inoculant was diluted and used to inoculate enrichment cultures in pH 7 FS1 media 8°
with a headspace of (v/v) 80% nitrogen, 10% CO,, 10% H,, and 0.06% CO, incubated at 65°C. One of the

cultures with growth was plated on 50% R2A solidified using 1.5% w/v Gelrite with 1 g/L MgCl,

hexahydrate (Sigma-Aldrich) as the cation under aerobic conditions to check for the presence of aerobic
microorganisms, resulting in the isolation of a Geobacillus strain.

DNA was extracted from Thermus or Geobacillus cell pellets using a CTAB extraction method, as
previously described 2°, whereas DNA was extracted from the Caldithermus strain using a NucleoSpin
Microbial DNA kit as per the manufacturer’s instructions. The resultant DNA was then cleaned using the
Zymo Clean and Concentrate 25 kit. Genomic DNA was quantified using a Qubit 2.0 Fluorometer
(Thermo Fisher Scientific, Massachusetts, United States). For whole genome sequencing for Thermus
and Geobacillus, genomic DNA was sequenced on an Illumina HiSeq sequencer using 150bp PE
sequencing. Next generation sequencing library preparations were constructed following the
manufacturer’s protocol (NEBNext® Ultra™ DNA Library Prep Kit for lllumina®). Image analysis and base
calling were conducted by the HiSeq Control Software (HCS) + RTA 2.7 (lllumina) on the HiSeq
instrument. For the Caldithermus strain, the genome was sequenced using the lllumina NovaSeq X Plus
platform. Libraries were prepared using the tagmentation-based and PCR-based Illumina DNA Prep kit
and custom IDT 10 bp unique dual indices (UDI) and a target insert size of 280 bp. The libraries were
quality-checked by Agilent Tape station (Agilent, Santa Clara, CA). For all genomes, the raw reads were
quality trimmed and sequencing adapters removed using trimmomatic (v. 0.39)8" (parameters:
ILLUMINACLIP:TruSeq3-PE-2.fa:2:30:10:2: True MINLEN:70 SLIDINGWINDOW:4:15) and assembled using

SPAdes v. 4.0.0 82 with default parameters, with quality checking using QUAST v. 5.2.0 8. To match
isolate genome sequences to MAGs, we used the EZBioCloud ANI calculator 8.

To determine the ability of these isolates to survive conditions similar to those they might encounter
during aeolian dispersal, we conducted two types of experiments. To assess the impact of UV exposure
on survival, we loosely followed the methods presented in '#1°. First, we centrifuged cultures in the late
exponential growth phase (determined via OD readings) for 15 minutes at 2500 x g and resuspended the
pellet in either 30 mM TRIS, pH 8 (for Thermaceae species) or 20 mM phosphate buffer, pH 6.5 (for
Geobacillus). This cell slurry was split into triplicate 8 mL volumes in sterile 55 x 15 mL polystyrene petri
dishes. These were placed onto stir plates with a sterilized stir bar and the plate turned on at a low rate
inside a biosafety cabinet. The UV light in the biosafety cabinet was then turned on (~ 40 pW/cm?
output) and subsamples taken at time points of 0, 2, 5, 8, 12, and 18 minutes. CFUs present in these
subsamples were determined via plate counts on 50% R2A (either pH 8 or 6.5 for Thermaceae or
Geobacillus species, respectively) and survival calculated as a percentage of the CFUs in the time 0
timepoint.
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For freezing/starvation/desiccation experiments, we loosely followed methods presented in 8586, Late
exponential cultures were centrifuged and the cell pellet was washed twice as before, with re-suspension
in TRIS or phosphate buffer at the appropriate pH. 100 pL of this cell slurry was pipetted onto the lid of
sterile 55 x 15 mL polystyrene petri dishes, with triplicates per time point. This slurry was vigorously
spread onto the lid and allowed to dry at room temperature in a laminar flow hood; once completely
dried, closed dishes were placed into a sealed box with 100g of anhydrous magnesium chloride (Sigma-
Aldrich) and placed at -20°C (actual temperature during the experiment varied between - 16 and - 26°C).
At various time points, triplicate dishes were removed from the freezer and 200 pL of 30 mM TRIS (pH 8
or 6 depending on the species) was pipetted onto the lids. This liquid was vigorously spread around the
lid to resuspend as much biomass as possible, then diluted and CFUs determined via plate counts (as
above), with survival calculated as a percentage of CFUs present in the time 0 timepoint (which was re-
suspended after drying but prior to freezing). For Geobacillus, we tested whether there would be
increased tolerance to dispersal conditions when increased spores were present. Thus, we conducted
the same experiments on overnight Geobacillus cultures and on those left at room temperature for 7

days (which is known to increase spore numbers in Geobacillus &7).

Growth temperature tolerance of the two Thermaceae species was determined by monitoring the optical
density (ODgs) of triplicate cultures in TYE Castenholz media pH 8 888° inoculated with 20% v/v of
culture grown until the late/mid-exponential stage of growth, at various temperatures (from 25-65 or
70°C) over the course of 7 days. OD readings of each culture were taken regularly by removing 100 pL
into a 96-well polystyrene flat-bottom plate (Biofil, Guangzhou, China) and measuring the ODgy5 on an
Absorbance 96 microplate reader (Byonoy, Hamburg, Germany).

Fissure 8, Hawai'‘i, MAGs and metagenomes

MAGs from Fissure 8 samples with soil temperatures > 50°C were used from a previously published
dataset (BioProject PRUNA1459608) >*. These were filtered to only include predicted thermophilic MAGs
based on predicted optimal growth temperature from GenomeSPOT v. 1.0.1 7' (19 MAGs, MAG
BioSamples SAMN57599648 through SAMN57599666). To identify the presence of these MAGs in
recently published metagenomes from other geothermal sites on the Hawaiian Archipelago 44, we
downloaded all metagenomes associated with the BioProject PRJIEB52128 and used the sourmash
gather function (using k-mer size of 21 to match branchwater) to search for Fissure 8 MAGs in these

metagenomes °°.

MAG characterization

To investigate genomic traits or predicted phenotypic traits that might enable aeolian dispersal of
cosmopolitan MAGs, we used several bioinformatics programs. Basic genomic properties (coding
density, GC content, genome size, and MAG completeness and contamination) were obtained using

checkM2 v. 1.01 ®8. Optimal growth temperature was estimated using Tome v. 1.0.0 ®° and maximal
growth rate via gRodon2 v. 2.7.2 7%, Temperature, pH, and salinity tolerance were predicted using
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GenomeSPOT; we did not include analysis of aerobic/anaerobic predictions from this program given its
known inadequacies for thermophiles. CAZymes were predicted from MAG protein sequences using
run_dbcan v. 4.1.4 72 Protein sequences from MAGs were classified into COG functional categories
using COGclassifier v. 1.0.5 73. To identify potential UV resistance genes, we searched for predicted
genes with matching COG IDs as those found to be important in Deinococcota for UV and radiation
resistance 74 (Table S1). To identify potential dormancy-related genes, we searched for predicted genes
with the following COG IDs, based on 7°: COG4575 (ElaB / YqjD / YgaM), COG3448 (Dri), COG3130 (Rmf),
and COG1544 (RaiA / HPF). Note: we could not identify COG categories for other dormancy-related
genes such as Balon and Sra. All MAG genome sizes were corrected for MAG completeness.

We estimated the metabolic potential of each MAG using a method described by Greening and
colleagues “®. In short, we used DIAMOND v. 2.1.6 (query cover > 80%) to search quality-filtered
assembled ORFs of the MAGs against custom protein databases (2022 version for hydrogenases,
accessible at https://github.com/GreeningLab/HydDB; v.3 for all other marker genes, ’’) of
representative metabolic marker genes designed by the authors. The metabolic marker genes we
focused on were those likely to be related to maintenance metabolism during aeolian dispersal:
rhodopsin (RHO), phototrophy (PsaA, PsbA, energy-converting microbial rhodopsin), methane cycling
(McrA, MmoA, PmoA), hydrogen cycling (using HydDB ’8), carbon monoxide oxidation (CoxL, CooS), and
carbon fixation (RbcL, AcsB, AclB, Mcr, HbsT, HbsC). We filtered results based on different identity

thresholds, as outlined in the respective papers 767879

Fang Glacier ice core analysis

Two ice cores (15 m and 12.5 m depth) were drilled on the Fang Glacier cirque for the purposes of
seismic studies on an unrelated project in November 2007. The ice cores were retrieved and immediately
cut into 1T m lengths, wrapped in polypropylene layflat and packed in polyurethane ice core storage
boxes. These were maintained at -40°C while being transported to the National Ice Core Facility in
Wellington, Earth Sciences New Zealand. All ice cores were maintained at -36°C until use. Only the
12.5m core was used for this project, as the other was visibly much more dirty and not suitable for DNA
extractions.

All tools (i.e. knives, cutting boards) and work surfaces were prepared using strict contamination-control
procedures. Briefly, all cutting tools and handling equipment were cleaned over three days using
extended Milli-Q water soaking, repeated rinsing, and isopropanol sterilization, and were dried to prevent
contact contamination before use. Prior to commencing core examination and cutting, the ice core
facilities air system was turned off, the cold laboratory floor was vacuumed to remove particulate matter,
benches were wiped with clean paper towels to remove residual dust, and all work surfaces were
disinfected with 100% isopropyl alcohol (IPA). After each use, all materials were re-sterilized by rinsing
with milliQ water and then disinfected through soaking in IPA (for knives and small tools) or through
wiping with IPA 3-4 times. All other material, including Whirl-Pak bags (Filtration Group, Pleasant Prairie,
WI, USA), 0.2 um Sterivex filters (Merck Millipore, Darmstadt, Germany), and 60 mL plastic syringes
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(Thermo Fisher Scientific, Auckland, NZ) were purchased new and sterilized. The packing of these
materials was disinfected with IPA prior to being introduced into the ice core facility sampling
environment.

Ice core processing was performed at the Earth Science New Zealand National Ice Core Research facility
in Lower Hutt, NZ. All core cutting took place in the - 20°C cold laboratory which had been
decontaminated as described previously. All personnel involved in the processing wore insulated layers
underneath cleanroom clothing (including one-piece non-shedding coveralls, boots and shoe covers,
nitrile gloves, laboratory goggles, and masks). Gloves were replaced anytime a different core section was
handled. One meter core sections were removed from the crates in their storage bag and were placed
onto a light box. Sections of core that contained tephra were identified visually. After identification,
samples were removed from their bags and sectioned following the cut diagram in Figure S1 using a
vertical bandsaw for lengthwise cuts down the core and a circular saw for horizontal cuts across the
core diameter to isolate the tephra layers. Horizontal cuts were performed at least 2 cm away from each
side of the tephra layer to allow the outside material to be removed. Approximately 1/3 of each core
section was removed for microbial analysis, the remaining core sections were re-archived. After cutting,
each removed section of the core was placed into sealed sterilized glass containers.

To gain a first approximation of the age of this ice core, we used the top section of the core (1 meter
length, re-archived core section) cut into ~2cm sections and melted for water isotopes. Water samples
were analysed on a Los Gatos Liquid Water Isotope Analyser by high resolution laser absorption at Earth
Sciences New Zealand, Wellington, NZ. All results are reported with respect to VSMOW?2, normalized to
our internal standards: CM2 with reported values of -19.10% for 6180, -134.9% for 62H, and USGS 49
with reported values of -50.55% for 180, -394.7% for 62H. The analytical precision for this instrument
is 0.2% for 6180 and 1.5% for 62H.

For the sections used for microbial analysis, to remove potential contaminants, we used sterilized knives
to scrape away the outside 0.5-1 cm of ice from each cut core section. Once removed, the samples
were placed in new sealed sterilized glass containers and were brought into the ice core facilities room
temperature clean room environment and were left to thaw in a decontaminated biosafety cabinet. After
the sections had melted, samples were agitated to homogenize and filtered through a 0.2 pm Sterivex
filter. Filters were placed in sterile Whirl-Pak bags and frozen at -20°C.

DNA extractions were performed in a decontaminated biological safety cabinet at the University of
Canterbury following the suggestions on laboratory practices described in °2 for low biomass samples.
The Sterivex filter chambers were broken open with flame sterilized pliers, and the filters were removed
from the cartridges with sterilized surgical blades and flame sterilized forceps. DNA was extracted from
the filters using the Qiagen DNeasy Powersoil Pro Kit (Qiagen, Germantown, MD, USA) following the
manufacturer’'s recommended protocol until the MB spin column loading (step 8, Kit Handbook -
“Protocol: Experienced User”). More specifically, each filter was split in half, and each half was extracted
in two replicate reactions. Lysate from both reactions were then combined into a single MB spin column.
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After this, the manufacture’s recommended protocol was once again followed until elution where DNA
was eluted in 30 pL solution C6. A total of five extraction blanks were included to control for possible
contamination introduced during DNA extraction and downstream processing and were also extracted
with these modifications (including the combined lysate and 30 pL elution volume).

The extracted DNA from the 25 samples, the five extraction blanks, and three no-template controls were
used for replicate PCR amplifications to assess the prokaryotic (bacterial/archaeal) communities
following methods described in 882, We used PCR primers targeting the hypervariable V4 region of the
16S rRNA gene (515F: 5- GTGCCAGCMGCCGCGGTAA-3’ and 806-R: 5-GGACTACHVGGGTWTCTAAT-3')
83 which included Illumina adapters and unique 12-bp barcode sequences 4. Duplicate PCRs were
performed in 25 pL reaction volumes with 5 pL template with PlatinumTM Il Hot-Start PCR Master Mix
(2X) (Invitrogen, Carlsbad, CA, USA). Cycling parameters for the 515F/806R primer set consisted of an
initial denaturation step at 94°C for 2 min, followed by 35 cycles of denaturation at 94°C (15 s), annealing
at 60°C (15 s), extension at 68°C (60 s), and a final extension step at 72°C for 10 min. After confirming
amplification via gel electrophoresis, duplicated amplified products were combined, cleaned, and
normalized to equimolar concentrations using Sera-Mag SpeedBeads and were sequenced on the
lllumina MiSeq platform (lllumina, San Diego, CA, USA) using the V2 2 x 250 bp paired-end Illlumina
sequencing kit at the University of Colorado Boulder. The sequencing data was then demultiplexed using
idemp (https://github.com/yhwu/idemp). Raw demultiplexed sequence data can be accessed in the
NCBI Sequence Read Archive, BioProject ID PRINA1460789.

The 16S rRNA gene sequences were processed with the DADA2 pipeline v 1.26°" paired with Cutadapt v
2.192 to remove sequencing primers. Sequences were trimmed (truncLen = ¢(240,160)) and quality
filtered with standard filtering parameters (maxEE = ¢(2,2), truncQ = 2, maxN = 0, rm.phix=TRUE), paired-
end reads were merged with default settings into contigs, and clustered into amplicon sequence variants
(ASVs) with samples unpooled at the inference step to preserve rare taxa. Taxonomic assignments were
generated using the DADA2 package, which implements a naive Bayesian classifier®® via the
assignTaxonomy function, trained against the SILVA reference database (v138.2) ®4. A minimum
bootstrapping threshold required to return a taxonomic classification of 50% was used for analysis. More
details on the parameters used can be found at https://github.com/fiererlab/dada2_fiererlab.

Downstream community analyses were performed in R v.4.3.3 °. Prior to downstream analysis, ASVs
associated with chloroplasts (10 ASVs) and mitochondria (11 ASVs) were removed. No ASVs were
associated with eukaryotes or were unassigned at the phylum level. Filtering of potential contaminants
was performed following recommendations described in °3, through taxonomic comparison with well-

96,97

known laboratory contaminants , and by comparison against the extraction blanks and no template

controls with the prevalence method of Decontam v1.32.0 (Bioconductor) %8.

ASV-based analyses on the filtered ASV table were performed using the R packages mctoolsr
(https://github.com/leffj/mctoolsr/), vegan °°, and phyloseq '°°. Richness was calculated using the
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function “specnumber” within vegan. Indicator taxa analysis (MultiPATT) was performed using the
“indicspecies” package with the “r.g” association function and a significance level of 0.05 '°1. Additional
statistical tests were performed using the base R functions “wilcox.test” and the packages “rstatix”
(https://github.com/kassambara/rstatix). Plotting was performed using the R packages ggplot2 and
cowplot.

To shed light on the potential spread of volcanic-associated thermophiles to other Antarctic
environments, we reprocessed the dataset described in*’ with the DADA2 pipeline following the methods
and using the reference datasets described previously. This dataset includes 200 soils from across
Antarctica downloaded from NCBI (BioProject accession: PRINA1214840). For the 16S rRNA gene
sequences, ASVs associated with chloroplasts, mitochondria, eukaryotes, and those unassigned at the
phylum level (1064 ASVs) were removed. Following filtering we used a cutoff of 2000 reads per sample
as a threshold for inclusion in our analysis. This left 166 samples that had sufficient prokaryotic 16S
rRNA gene reads for downstream analyses

Erebus air sampling

Preliminary air data were collected to investigate the presence of thermophilic microorganisms in the air
around geothermal sites on Mt. Erebus, Antarctica. One sample was collected from each of Tramway
Ridge and Western Crater, as well as a control sample on the sea ice in front of Scott Base in November
2023. We used a SASS3100 air sampler (Research International, USA) equipped with a biological
removable filter (P/N26 7100-134-242-01, Research International, Inc.) cleaned with 6% v/v hydrogen
peroxide immediately prior to the filter being installed. The sampler was attached to a tripod (1.5 m high)
and turned on at a rate of 300 L/min for upward of 4 hours and was positioned at the edge of the
geothermally heated area (downwind). The total active sampling time at Western Crater was unknown
due to battery failure.

Aerosol filters were collected onsite in sterile plastic packaging and transported frozen until processed.
These were processed in a Class Il biosafety cabinet that was decontaminated prior to use with
hydrogen peroxide to minimise contamination, with all materials similarly treated before introduction into
the cabinet. DNA was extracted using the DNeasy PowerSoil Pro Kit (Qiagen; Qiagen Inc., Germantown,
MD, USA) with the following modifications. Filters were placed into sterile 15 mL Falcon tubes, and 1600
uL of CD1 lysis buffer was added along with 10 puL of 20% sodium dodecyl sulfate (SDS). Tubes were
gently tilted to ensure complete saturation of the filter and incubated for 5 min at room temperature.
Samples were then subjected to initial mechanical disruption using a FastPrep instrument (MP
Biomedicals, USA) at 4.0 m s~" for 20 s using a 15 mL tube adapter. Following this, filters were
aseptically transferred using sterile tweezers into 10 mL sterile syringes, and the lysate was expressed
into PowerBead tubes supplied with the kit. Samples were then processed according to the
manufacturer’s protocol from step 2 onwards, including bead beating at 5.0 m s=' for 45 s. Where
necessary, split lysates were recombined onto a single silica spin column prior to elution in 50 pL of
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nuclease-free water. Sample controls were included by opening sterile filters inside the biosafety cabinet
and processing them identically to experimental samples.

Airborne microbial DNA samples were subjected to 16S rRNA gene amplicon sequencing without prior
dilution due to low biomass. Bacterial 16S rRNA genes were amplified using Illumina-adapted primers
targeting the V1-V3 region, lllumina_Ba9F (5-GAGTTTGATCMTGGCTCAG-3') and lllumina_Ba515Rmod1
(5-CCGCGGCKGCTGGCAC-3'). PCR reactions were performed in 20 pL volumes containing 10 pL of 2x
Taqg PCR Master Mix (Qiagen), 4 pL of each primer (2 uM), 5 pL of DNA template, and 1 pL nuclease-free
water. Each sample was amplified in duplicate to ensure sufficient DNA yield. PCR plates were sealed
with adhesive PCR seals (Thermo Fisher Scientific), briefly centrifuged, and amplified under the following
thermocycling conditions: initial denaturation at 95°C for 3 min, followed by 30 cycles of denaturation at
95°C for 30 s, annealing at 52°C for 30 s, and extension at 72°C for 45 s, with a final extension at 72°C
for 5 min and a hold at 4°C. Amplicons were quantified using the Quant-iT™ dsDNA High Sensitivity
Assay Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions, and fluorescence was
measured using a Varioskan microplate reader with excitation at 485 nm and emission at 530 nm. PCR
products were pooled and concentrated at 35°C using a centrifugal evaporator until approximately 100
uL remained. Concentrated pools were quantified using the Qubit dsDNA High Sensitivity Assay (Thermo
Fisher Scientific) following a 1:10 dilution. Fragment size selection was performed using NucleoMag
NGS Clean-up and Size Selection beads (Macherey-Nagel) at a 0.5x bead-to-sample ratio, and the
resulting supernatant was purified using the QIAquick PCR Purification Kit (Qiagen) according to the
manufacturer’s protocol, with DNA eluted in 50 pL nuclease-free water. Final libraries were quantified in
triplicate using the Qubit HS assay, normalised to a minimum concentration of ~ 10 ng uL=" in a final
volume of 100 pL, and sequenced on an Illlumina MiSeq platform at Massey University (Palmerston
North, New Zealand).

Amplicon sequence variants (ASVs) were inferred from the DNA sequences and taxonomy assigned as
above for the ice core data. Read tracking through the pipeline is presented in Table S2. Potential
contaminating ASVs were removed using the decontam R package, v. 1.26.0, with the “prevalence”
method, threshold of 0.7 2. In the remaining set of ASVs, we identified several that were unique to the
Scott Base samples; these were removed as well (567 ASVs removed as contaminants overall). Low
abundance (1 read across the two samples; 41 ASVs) and erroneous assignment ASVs (assigned to
Eukaryota, chloroplast, or mitochondria; 5 ASVs) were also removed, resulting in a total of 78 ASVs. ASV

abundance barplots and heatmaps were plotted using phyloseq (v. 1.50.0) and ggplot2. Abundances of

matching taxa from Erebus soils were plotted using ASV data from °”.
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Figure 1

(A) Maps for all globally cosmopolitan thermophiles from Antarctic geothermal sites, identified by the
phylum of origin and MAG name. Each dot represents a metagenome from the Sequence Read Archive
(SRA) (with metagenomes within 10 m consolidated into a single location) identified as containing a
near-identical species (containment =30%, ANI >96%). Habitats from the SRA metadata for each
metagenome were condensed into 10 categories for ease of visualization. The stacked bar plot next to
each MAG indicates the proportion of each sample type in which that MAG was found. (B) Across all
MAGs, the frequency with which MAGs were identified in each type of habitat.
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Figure 2

Results of experiments testing the ability of different species and, in the case of Geobacillus,
physiological states (vegetative cells, “veg”, vs. culture enriched in spores, “spor”) to survive either (A)
being frozen, desiccated, and starved for multiple days or (B) UV-C exposure. The results were calculated
as a proportion of cells surviving compared to the time zero concentration. Error bars represent standard
deviation around the mean for triplicate cultures. Where error bars are not visible, the standard deviation
is too small to be visible.
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Figure 3

(A-C) Predicted traits based on MAG sequences, compared between Antarctic geothermal cosmopolitan
or unknown MAGs. (A-B) Traits predicted to be associated with dispersal success. (C) Traits predicted to
be associated with colonization success. Presented p-values are the result of Wilcoxon tests (Benjamini-
Hochberg adjusted for multiple tests; n = 18 for cosmopolitan, 11 for unknown for each boxplot). Where

no p-values are shown, the difference was not significant (p > 0.05). (D) Linear regression analysis for
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the two variables identified from A-D as being significantly or very different in medians between the two

groups, correlated with the maximum distance between Mt. Erebus and the furthest distant

metagenome from the SRA with a matching species. For temperature range, a single outlier with a
temperature range of 28°C was removed (n = 18 for GC, 17 for temperature range). (E) Predicted
metabolic functions associated with dispersal success; only MAGs containing at least one of these
predicted metabolisms are shown. Hyd: hydrogenases. Photo: Phototrophy.
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Figure 4

Microbial communities in the Fang Glacier ice core layers. (A) Diagram of the 25 layers extracted for our
study. (B) Community composition of the most 12 most abundant bacterial families identified in our
layers. (C) Richness of the microbial communities in each layer. (D) Shannon diversity of each layer. In
(B) — (D), the samples are ordered (top to bottom) based on the layers displayed in (A).
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Figure 5

o-ooo.oooooooooooooooi...

Group
Ice

® Tephra

Average abundance (reads)

The most abundant organisms found to be associated with the ice layers (10 genera) and the tephra
layers (25 genera) from the Fang Glacier ice core. Genera are organized from most abundant to least
abundant. If an organism could not be assigned to a genus, the next most specific taxonomic

identification is listed.
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