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Abstract Lava tubes are key targets in the search for life on Mars. Their basaltic walls provide protection
from radiation and changing environmental conditions, which could enable life or preservation of previous
life in an otherwise harsh environment. We can understand the potential for Martian life in lava tubes by
studying the habitability of analog environments on Earth. In this study, we present the first characterization
of the microbial life inside a pristine Mauna Loa lava tube. This study is the first to combine 16S SSU rRNA
sequencing and whole genome shotgun sequencing to map the taxonomic makeup and functional potential of
any lava tube community in Hawaii, enabling a deep understanding of the types of microbes that thrive in this
unique environment and the metabolisms they use. We find a surprisingly high degree of niche partitioning
over small spatial scales and discuss implications for life detection strategies. Based on recent bioinformatic
advancements in metagenomics, we also assemble dozens of high-quality metagenome assembled genomes
from the microbes living in the lava tubes, including several novel species.

Plain Language Summary In the search for life on Mars, lava tubes are targets for astrobiology.
Lava tubes provide an underground shelter, protected from radiation and the harsh climate. Analog studies here
on Earth can help us understand what types of microbes live in these terrains and how best to find them. In
this study, we investigate the microbial communities in a previously unexplored lava tube on the Mauna Loa
volcano in Hawaii. We set out to characterize the microbes that live there and what capabilities enable them to
survive, such as how they acquire nutrients from their environment to produce energy. We collected mineral
samples in the lava tube and sequenced the DNA that we found in the minerals. We used DNA sequences

to identify which microbes are present as well as which metabolisms they can use. We found that there are
significant differences in the microbial make-up of each of the samples, even though some are taken within
several centimeters of each other, with implications for how to assay a region of interest on Mars. We also
found several novel species.

1. Introduction

Beneath the terrain of Mauna Loa in Hawaii, the largest active volcano on the planet (United States Geolog-
ical Survey, 2022), lies a maze of basaltic lava tubes that are home to uncharacterized microbial communi-
ties and novel species. This subsurface basaltic environment provides a unique environment for microbial life
largely sheltered from the sun, wind, temperature fluctuations, plants, and animals. On Mauna Loa, lava tubes are
coated in colorful secondary minerals, such as gypsum, thenardite, and calcite that form as a result of weathering
(White, 2010). These mineral deposits can provide additional protection and substrates for life, including water
and ions involved in their metabolisms (Boston et al., 2001; Huang et al., 2020; King & Nanba, 2008; Panieri
et al., 2010; Sakai et al., 1982).

Lava tubes have also been identified on Mars from orbit and are of great interest in our search for signs of life
on Mars (Léveillé & Datta, 2010). To find life or a record of previous life, it is advantageous to look under-
ground, where the protective nature of subsurface environments may have shielded life or its traces from the
subsequent alteration of surface conditions on Mars. Current scientific consensus posits that Martian subsurface
environments could sustain life in an otherwise harsh environment (Cushing et al., 2007; Léveillé & Datta, 2010;
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Michalski et al., 2018). The formation of lava tubes in the Martian subsurface coincided with a marked period
of Earth-like, habitable climate conditions (Hughes et al., 2019). The volcanic activity on Mars peaked in the
late Noachian through Hesperian epochs (~3.7 billion years ago), and during this period, Mars also maintained a
dense atmosphere and temperatures high enough to host oceans on the planet's surface (Baker et al., 1991; Carr
& Head, 2010; Carter et al., 2015; Jakosky et al., 2017; Wordsworth, 2016; Zuber, 2001). Emerging microbial
life could have found a home in lava tubes, whether life developed on the surface and subsequently adapted to
live underground, washed into the subsurface via water circulation, or developed underground originally (Westall
et al., 2015).

The lava tubes of Mauna Loa, Hawaii, offer a basaltic subsurface environment analogous in terms of volcanism
and geochemistry to those visible from orbit on Mars. Investigating life in lava tubes can lend insights into habit-
ability and the range of energy-harvesting possibilities available to microbial organisms in basaltic substrates.
The lava tubes explored in this study were formed by geologically young flows (~200 years ago), mirroring the
conditions in which pioneer microbes could have emerged in Martian lava tubes (Lockwood & Lipman, 1987).

Mauna Loa is intermittently exposed to acidic aerosols from degassing of surrounding, more recently active
volcanoes such as Kilauea (Sakai et al., 1982). Sulfuric acid aerosols can weather basalt and cause sulfate mineral
deposits in Mauna Loa's lava tubes, which modeling indicates are likely to have formed on Mars as well (Renggli
et al., 2019; White, 2010; Zolotov & Mironenko, 2016). Although there is limited research on Martian subsur-
face mineralogy, scientists have identified minerals similar to those found on Mauna Loa on the planet's surface
(Benison & Karmanocky, 2014; Ming et al., 2008; Vaniman et al., 2018), and geochemical modeling of evaporate
processes on Martian basalt suggests that similar secondary mineral formations may exist in Martian lava tubes
(Kah et al., 2018; Tosca et al., 2005). Minerals formed through microbial mediation, even if life were no longer
present in Martian lava tubes, could also retain a record of its existence (Oschmann, 2000; Tang et al., 2014;
Wilson & Bish, 2011). The variety of secondary minerals and microbe-mineral interactions create a range of
potential niches in which microbial life may thrive.

In this investigation, we used 16S small subunit (SSU) ribosomal ribonucleic acid (rRNA) gene sequencing and
whole genome shotgun (WGS) sequencing on mineral samples to elucidate the taxonomic composition and func-
tional potential of the microbial communities in a Mauna Loa lava tube characterized by limited light, water, and
external chemical energy inputs. Since little is known about the community structure and diversity of Hawaiian
lava tubes, we aimed to discover which types of metabolic pathways enable microbial survival.

2. Materials and Methods
2.1. Sample Collection

Samples were collected from various sections of a lava tube on the northern flank of the Mauna Loa volcano
(Figure 1). The lava tube is located at N19° 36.392" W155° 28.993" near the Hawaii Space Exploration Analog
and Simulation (HI-SEAS) station at ~2,400 m elevation. Secondary minerals coated the walls and ceiling of the
lava tube and were accessible by walking through with minimal climbing. Although these lava tubes are closed to
the public, samples were chosen strategically (e.g., above ground-level, in crevices) to avoid contamination from
HI-SEAS scientists or animals that could enter the lava tubes. Samples were collected along a gradient of light
conditions, including high light, dim light, and darkness, as indicated by white, black, and gray stars (Figure 1a).
Within each sampling area, samples were collected within ~10 cm to 3 m of each other. The samples ranged in
color, texture, and morphology, including flakes and coralloids (Table S2 in Supporting Information S1). Each
sample was collected and stored in cryotubes packed in sterile Whirl-Paks (Nasco, St. Petersburg, FL). Sterile
sampling techniques were used, including manipulating samples with DNA-free utensils while wearing nitrile
gloves. Samples were preserved in a cryoshipper at —80°C and on ice in transit from Hawaii to Georgetown
University.

2.2. Mineralogy

For X-ray diffraction analysis, sample fines were prepared by crushing to a fine powder via mortar and pestle,
without sieving to preserve as much sample as possible (estimated <45 pm), or drilling material from the surfaces
of samples using a Dremel tool when necessary. XRD patterns were acquired from 2 to 70° 2Theta (Cu Ka
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Figure 1. (a) Schematic of the lava tube with sampling locations and their topography and light conditions. Samples were
collected in three concentrated areas with varying light exposure, denoted by a star symbol (left to right: light, dark, dim).
Samples denoted with two numbers separated by an underscore (e.g., C2_3) are replicates. The total investigated region of
this lava tube extends ~100 m. For illustrative purposes, samples C2_3 and C6_7 are shown in (b), samples C12_13 and C14
in (b), and samples C15_16 and C17 in (d). The black scale bar to the right of each image represents ~1 cm.

4

radiation, k = 1.54059 A), at 0.01°/step and at least 2 s/step using a Bruker D8 Discover diffractometer. Quan-
titative mineralogy was obtained by Rietveld refinement methods using the MDI (Materials Data Incorporated)
Jade™ analysis software.

2.3. DNA Extraction

DNA was extracted with the ZymoBIOMICS DNA/RNA Miniprep Kit (Zymo Research, Irvine, CA) using
high-density bashing beads and spin-filter binding chemistry. DNA was extracted from 100 to 250 mg of starting
material and duplicates were extracted if sufficient sample mass was present. Cells were physically lysed by
bead-beating in the FastPrep-24 Classic Instrument (MP Biomedicals, Irvine, CA) at a speed of 5.5 m/s for 1 min.
DNA was purified following manufacturer's protocol, including multiple spin-filter washing steps. Resulting
DNA was eluted in 35 pL of DNase/RNase-free water that had been heated to 70°C, and DNA was then stored
at —80°C. DNA quantification was performed on a Qubit fluorometer using 1X dsDNA HS (High-Sensitivity)
Assay Kit (Thermo Fisher Scientific, Waltham, MA). All samples used for analysis contained over 0.1 ng/puL
of DNA.

2.4. DNA Sequencing

Library preparation and paired-end sequencing for 16S SSU rRNA gene V4 region (515F-806 R) sequencing
and WGS metagenome paired-end sequencing were performed at the University of Illinois at Chicago Sequenc-
ing Core. The V4 region within the 16S SSU rRNA gene has conserved sequences, used for primer binding,
surrounding a variable region, which is used for taxonomic identification (Caporaso et al., 2011). This region was
amplified from genomic DNA using PCR (Sul MyTaq HS Mix, 0.5ul 10 pM forward and reverse primers, 3 pL
pure water, 1 pL template containing 0.1-15 ng/pL. DNA). PCR conditions were 95°C for 5 min, followed by 28
cycles of 95°C for 30 s, 55°C for 45 s and 72°C for 60 s. Amplicons were indexed and pooled as a library before
being sequenced on an [llumina MiniSeq.

WGS sequencing captures the entire metagenome of a sample, including the 16S SSU rRNA regions, as well as
the other genes of the community. Biological replicate samples were sequenced separately for 16S rRNA SSU
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gene sequencing and were pooled to increase biomass for WGS sequencing. For example, samples C2 and C3 are
replicates that were prepared separately and in parallel, kept distinct for 16S rRNA SSU sequencing and averaged
in subsequent analyses or combined (denoted as C2_3) for WGS sequencing. Five samples (C1, C5, C7, C11,
and C17) were prepped for 16S rRNA SSU sequencing but did not yield sufficient reads to include in analyses.
Samples C5 and C7 were pooled with their biological replicates for WGS sequencing (and so are included in
WGS samples C4_5 and C6_7), and results from the other three samples (C1, C11, C17) were only available for
WGS sequencing, which has greater sequencing depth and the potential to gain more taxonomic and metabolic
information. An Illumina DNA Prep kit was used to generate the DNA library for WGS sequencing, which was
performed on a NovaSeq6000 SP flow cell to give 150 bp paired-end reads.

2.5. Bioinformatics Analyses
2.5.1. 16S SSU rRNA Gene Sequence Analysis

Massively parallel analyses of SSU rRNA genes highlight the genotypic diversity of a community and can be
used to determine how this diversity changes in response to environmental change or disturbance (Lozupone
and Knight, 2005). While these provide taxonomic data and function can sometimes be inferred from taxonomy
(Douglas et al., 2020), they do not provide direct evidence of metabolic or functional potential. Reads generated
from 16S SSU rRNA gene sequences were demultiplexed and trimmed to remove primers using Trimmomatic
(Bolger et al., 2014). Amplicon sequence variants (ASVs) were selected for each of the 13 samples (including
four replicates) using default settings of the DADA?2 workflow version 1.16, and ASVs were assigned taxonomy
using the Ribosomal Database Project database through DADA?2 (Callahan et al., 2016). Samples with fewer than
5,000 reads were excluded from downstream analysis, and singleton ASVs (appearing once in only one sample)
were filtered out for all analyses except for alpha diversity. Community composition and alpha diversity (Shannon
diversity index) were assessed in R using the following packages: phyloseq, ggplot2, and pvclust (McMurdie &
Holmes, 2013; Shannon, 1948; Suzuki & Shimodaira, 2006; Wickham, 2016). ASV distributions were assessed
in R using UpSetR (Conway et al., 2017).

2.5.2. WGS Metagenome Analysis

WGS metagenomic sequencing analysis was conducted using the ATLAS pipeline (Kieser et al., 2020), which is
used for the quality control, assembly, binning and annotation of metagenomes. In brief, ATLAS used clumpify
(Bushnell, 2019) to remove PCR duplicates and used BBTools utilities (Bushnell, 2019) to remove adapters,
low-quality bases, and short reads, then merged paired-end reads, filtered out PhiX contamination, and performed
error correction using k-mer coverage. Read assemblies were generated using MetaSPAdes (Nurk et al., 2017)
and BBMap was used to map reads back to the assemblies (Bushnell, 2019). Taxonomy was assigned using Kaiju
(Menzel et al., 2016). We used default settings for Kaiju wherein matches are filtered by a minimum length (11),
score (65), and E-value (similar to blastp) (0.01). Prodigal (Hyatt et al., 2012) was used to predict open reading
frames (ORFs) and EggNog Mapper (Cantalapiedra et al., 2021; Huerta-Cepas et al., 2019) was used for anno-
tation. Figures were generated using pvclust (Suzuki & Shimodaira, 2006) and ggplot (Wickham, 2016). Finally,
we used Tree-based Sensitive and Accurate Phylogenetic Profiler (TreeSAPP) (Morgan-Lang et al., 2020) to
annotate ORFs related to assimilatory and dissimilatory sulfur metabolism as well as sulfur oxidation (SOX)
genes. Reference sequences were sourced from EggNOG and UniProt databases, and resulting reference packages
are available at https://github.com/hallamlab/RefPkgs.

2.5.3. Metagenome-Assembled Genomes

Metagenomic sequences contain both taxonomic and metabolic information about the great diversity of microbes
in metagenomic data that have not yet been isolated and cultured (Steen et al., 2019; Wooley et al., 2010).
Comparative genomic analyses allow the investigation of the metabolic potential of an organism or community.
Because high throughput reads are short, the data must be assembled, or stitched together to create contiguous
sequences (contigs). These contigs can then be binned or grouped together based on coverage, GC content, codon
usage and other genomic features to define a “metagenome assembled genome” or MAG. MAGs are intended to
be a single-taxon assembly and a close, but imperfect, representation of an individual genome. According to the
ATLAS pipeline (Kieser et al., 2020), MAGs were generated using two binning tools, MetaBat2 and MaxBin2
(Kang et al., 2019; Wu et al., 2016). These bins were then combined using the DAS tool (C. Sieber, 2017; C. M.
K. Sieber et al., 2018). Unique genomes were identified using dRep (Olm et al., 2017), which filters genomes by
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size and quality before clustering using Mash and MUMmer (Delcher et al., 2003; Margais et al., 2018; Ondov
et al., 2016). The quality of the MAGs was quantified using Check-M (Parks et al., 2015). MAG taxonomy was
assigned using GTDB-Tk, which places genomes according to protein reference trees (Chaumeil et al., 2019).
Following ATLAS (Kieser et al., 2020), contig quality control was performed on all MAGs using MetaPathways
(Konwar et al., 2015) on default settings, which then draws on MetaProdigal (Hyatt et al., 2012) for open reading
frame prediction. ORFs were translated into amino acids and run against several reference databases: MetaCyc
(2020-08-10) (Caspi et al., 2020; Karp et al., 2002), CAZy (2020-06-01) (Lombard et al., 2014), RefSeq-NR
(2020-08-12-rel 201) (O’Leary et al., 2016), and Uniprot-Sprot (2020-08-12) (The UniProt Consortium, 2019),
using FAST (Kim et al., 2016) to assess similarity between protein sequences. Taxonomy was assigned using
Kaiju (Menzel et al., 2016) on default settings.

3. Data and Results
3.1. Mineralogy Results

Most samples were composed of >50% sulfate minerals, which were predominantly gypsum (CaSO,) and thenar-
dite (Na,SO,) (See Table S1 in Supporting Information S1). Exceptions included calcite-rich samples (C2_3,
C9), a sample with a large (81%) X-ray amorphous component (C8, with 16% calcite and 3% gypsum), and a
sample representative of the underlying basalt (C12_13).

3.2. 16S SSU rRNA Gene Sequence Results

16S SSU rRNA gene analysis was used to characterize the community composition and structure of nine samples
collected along this Mauna Loa lava tube. After sequencing, processing, and filtering out samples with low
read coverage, the read counts per sample ranged from 12,787 to 180,276 total reads per sample. In terms of
taxonomic assignments, after filtering out singleton ASVs and before averaging across replicate samples, and
excluding 1 ASV, which did not have a taxonomic assignment at the domain level, we found that 49.2% of ASVs
were assigned down to the genus level, while 21.3% of ASVs could not be resolved below the class level. Within
this set of highly unresolved ASVs, we observed that 7.5% of total ASVs could not be assigned below the domain
level. These taxonomic assignments indicate a prevalence of novel taxa within the tube and/or underrepresented
taxa in databases. The most abundant phylum in all samples except one (C12_13) is Actinobacteria, and other
dominant phyla across most samples in this set are Proteobacteria and Chloroflexi (Figure 2b). Sample C12_13
is dominated by Proteobacteria and is the one sample representative of the underlying basaltic mineralogy rather
than secondary minerals. ASV analysis also identified several candidate divisions and poorly characterized phyla
in our samples, including BRC1, WPS-1, Candidatus Saccharibacteria, Parcubacteria, and Ignavibacteriae.
This analysis also indicated the presence of bacterial and archaeal phyla known to contain extremophiles, includ-
ing Deinococcus-Thermus and Euryarchaeota. Given the small sample set and the differences between the few
samples we have, there are likely more uncaptured taxa in this environment.

In terms of ASV distribution across samples, we noted that very few ASVs were shared among samples, even
samples taken within a small spatial range. Over one quarter (28.3%) of ASVs were found in only one sample,
and only 18.4% of ASVs were found in five or more of the nine samples studied here. 49.1% of ASVs were found
in three or more samples. We found that Sample C12_13 had the highest number (322) of unique ASVs that were
not shared by any others, as well as an additional 134 ASVs shared only by sample C9 (Figure 2c).

Both C12_13 and C9 were samples collected from the dark portion of the lava tube, where a lack of light exposure
may drive communities toward more specialized taxa that are either not supported or are out-competed in envi-
ronments with access to light. The underlying uniqueness of ASVs in samples C9 and C12_13 may also be driven
by mineralogy. C12_13 was collected from the basalt crust and is primarily composed of olivine and plagioclase,
while C9 is a secondary mineral sample composed primarily of calcite as well as amorphous minerals (Table S1
in Supporting Information S1). C9 also shares many ASVs with samples C2_3, C4, and C8, which are in the light
yet contain calcite and/or amorphous mineral contents, as does sample C9.

The unique populations identified in these samples, however, do not indicate higher diversity. Instead, we found
that samples in darkness or dim light had lower diversity, on average, than samples in the light (Table 1). Alpha
diversity was assessed using Shannon diversity, which varied across samples collected from the two sections
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Table 1

of the lava tube (Welch Two Sample #-test p = 0.029). Samples in direct

Shannon Diversity for the Amplicon Sequence Variants Across the Lava light had a mean Shannon diversity of 5.14 (+/— 0.26), while samples in

Tube

either dim light or darkness had mean Shannon diversity of 4.13 (+/— 0.70).

Sample ID

Shannon diversity Despite the high numbers of unique ASVs found only in samples in the dark,

2.3
c4

c6

cs

9

Cl10
C12_13
Cl4
Cl15_16

S the lower overall Shannon diversity scores of samples in dim light or dark-

4.98

ness suggest that community size is reduced and more specialized taxa thrive
in these conditions (Table 1). This variation could also be explained by the
491 mineralogical differences between samples as the samples in the light are
5.19 primarily composed of gypsum. However, sample C10 has the lowest diver-
5.03 sity, was collected in the dark, and is 98% gypsum, suggesting that the lower
diversity in samples C10, C14, and C15_16 is due to differences in light. The
exception to this diversity trend is sample C9, which has a diversity score

3.57
4.74
3.63

of 5.03. As noted previously, sample C9 has unique mineralogical makeup,
which may support a more diverse microbial community despite being in
3.68 the dark. It is likely that the microbial communities are shaped by all the

characteristics of their niche. More work with an increased sample size is
needed to capture robust trends or reveal nuanced relationships between the
environment, mineralogy, and microbial communities.

3.3. WGS Metagenome Result

To understand the metabolic potential of these communities, we analyzed WGS data for 12 samples. As described
above, the WGS analysis included several samples that were excluded from the 16S analysis due to low sequenc-
ing quality and read abundance. The WGS metagenomes were assembled from an average of 6,739,369 reads per
sample, with an average of 6,276,358 reads assembled per sample.

First, we assessed the taxonomic composition of these samples using Kaiju (Menzel et al., 2016) (Figure 3).
Archaea account for five of the identified phyla. The taxa we found represent a range of aerobic and anaerobic
microbes. Many of these phyla are known to contain extremophilic members and members utilizing chemolith-
otrophy (Fujitani et al., 2020; Slobodkin et al., 2019; Thompson et al., 2017; Waite et al., 2020). Of note, all
samples contain Deinococcus radiodurans, an extremophilic species known to withstand high levels of radiation,
desiccation, and cold temperatures (Ho et al., 2016). On average, 83.1% of the samples could not be taxonomi-
cally assigned, suggesting abundant “microbial dark matter,” which is consistent with these being rare taxa and/
or an understudied environment (Bowman, 2018; Marcy et al., 2007).

Next, we predicted an average of 122,381 high-quality ORFs per sample, 33% of which matched annotations in
the Kyoto Encyclopedia of Genes and Genomes (KEGG), to identify a total of 10,550 unique KEGG orthologs
(KOs). A high number (957,840) of ORFs could not be annotated using the EggNog Mapper (Cantalapiedra
et al., 2021; Huerta-Cepas et al., 2019) (Figure 4). While this level of ambiguity is expected given the unique
environment (Howe et al., 2014), the high proportion of ORFs that are not well characterized adds uncertainty
to the functional composition of the microbial communities. Top KO categories include transcription; transla-
tion, ribosomal structure, and biogenesis; replication, recombination, and repair; and amino acid transport and
metabolism. Additionally, in the dim and dark, there is less metabolic variance within samples than in the light,
suggesting a narrower metabolic distribution than that of samples taken in direct light (Figure 4b). This is consist-
ent with a more diverse community within the “light” samples and suggests that light enables greater breadth of
metabolic capacity when the same or similar chemical nutrients are available to both light and dim/dark commu-
nities. Clustering of samples based on KOs does not show distinct groups, suggesting that there is little similarity
in the annotated functional profiles and a high degree of niche partitioning (Figure 4a). Indeed, a permutational
multivariate analysis of variance analysis revealed a trend in the abundance of the functional categories between
light and dim and dark samples (group together) (p = 0.075). Still, given the small sample set and high number of
unannotated ORFs, this analysis could fail to capture relationships or variation between samples based on light,
mineralogy, or community structure.

We hypothesized that the high availability of sulfur, coupled with the low light and oligotrophic conditions of
the lava tube, would drive the microbial communities toward sulfur metabolisms that could be used for energy
production. We investigated sulfur metabolisms using a gene-centric approach where metagenomic query
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Figure 3. (a) Taxonomic annotation of classified reads from the whole genome shotgun sequencing from 12 microbial samples taken along a lava tube transect. (b)
Unclassified reads from the 12 samples plotted separately to enable better visualization of the differences among the classified reads at the phylum level.

sequences were placed onto reference trees of proteins mediating most steps in assimilatory and dissimilatory
sulfate reduction, and SOX. Hundreds of hits to cysD, cysN, cysH, cysl, and cysJ indicate that the potential for
assimilatory sulfate reduction, a pathway for the production of biomolecules containing sulfur, is widespread in
our samples (Figure 5a) (Kushkevych et al., 2020). The potential for dissimilatory sulfate reduction, a pathway
by which anaerobes can use sulfate as a terminal electron acceptor, primarily represented by 583 hits to DsrA and
DsrB proteins, was also encoded by most communities (Figure 5b) (Marietou et al., 2018). A signal was found
for the SOX system, a pathway that can be used for SOX by some chemolithotrophs, with 402 hits to the soxB
reference gene and 24 hits each to soxY and soxZ (Figure 5c) (Grabarczyk & Berks, 2017). However, the signal
for sulfur metabolism genes, though present, was weak overall in these samples, suggesting that it is not a primary
driver of metabolism in the community. This low level of sulfur metabolism may be a result of the availability of
other sources of energy and the oxygen in the lava tube. Because of these conditions, there may not be environ-
mental pressures to drive the system toward sulfur energy metabolism.

3.4. Metagenome Assembled Genomes

Because Mauna Loa lava tubes have not previously been characterized with genomics, they are of particular
interest for the identification of novel taxa and their functional potential. To that end, we investigated many of
the poorly characterized taxa present in our samples via the assembly of MAGs, which allow us to directly link
taxonomy and functional potential to reveal the mechanisms of survival in these environments.

We assembled 72 high- (>90% completeness and <5% contamination)- and medium-quality (>50% complete-
ness and <10% contamination) MAGs from the WGS metagenome data (Table S2 in Supporting Information S1).
Thirty-eight MAGs were high-quality (Bowers et al., 2017) and 34 were identified as medium-quality. MAG
completeness ranged from 57.27% to 100%, with an average of 89.31% +/— 10.09% (SD). Contamination ranged
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from 0.0% to 9.73% with an average of 2.71% +/— 2.38% (SD). The average N50, a statistic that represents the
length of the shortest read within an assembly above which all larger sequences together make up 50% of the
nucleotides in the assembly, was 21,325.5 (+/— 20,601.5). We predicted an average of 3,591 ORFs per MAG. All
MAG:s could be annotated to at least the phylum level. Dominant phyla among the MAGs were Actinobacteriota
(51.39%), Chloroflexi (12.5%), Proteobacteria (9.72%) and Acidobacteria (6.94%) (Figure S1 in Supporting
Information S1). This reflects the high-level taxonomic composition observed in the 16S SSU rRNA analyses,
suggesting that the MAGs are a good representation of the overall community. Several MAGs represented previ-
ously uncharacterized taxa, including putative novel taxa within Solirubrobacteraceae and Gaiellaceae (Fishman
et al., 2022; Gadson et al., 2022).

Next, we assessed whether MAGs were found in multiple samples by mapping the reads from each sample to each
MAG using Burrows-Wheeler Aligner, a tool that maps low-divergent sequences against a reference, such as an
assembly (Li, 2013) and normalizing the recruitment over 1000 bp regions to calculate median coverage (Figure 6).
Akin to both the 16S SSU rRNA analyses and the KEGG-based functional profiling, we find very little similarity
among samples, despite some samples being collected within centimeters of one another, suggesting once again a
high degree of niche partitioning among samples. Only 22.2% of the 72 MAGs identified were found in six or more
of our 12 samples, and only two MAGs were found in at least 75% of the samples (9/12 samples). These two MAGs
were both Actinobacteriota: one was annotated to the family SIRWO01, and one was annotated to the family Rubro-
bacteraceae. This result is consistent with the 16S rRNA gene analysis, which found that Actinobacteria was the
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Figure 6. (a) UpSet plots of metagenome-assembled genomes (metagenome-assembled genomes (MAGs)) shared among samples. (b) Beta diversity of MAGs across
samples based on median abundance of all 72 high- and medium-quality MAGs.
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dominant phylum in most samples. 15.3% of the MAGs appeared in only a single sample. 56.9% of MAGs were found
in three samples or fewer (present in 25% of samples or less). Following clustering of the median coverage of all 72
MAG:s across the 12 samples, we found three clusters (Figure 6a). This clustering is very similar to the 16S clustering
(Figure 2), with the exception of C8 now closer to C4_5 and C6_7. Finally, we assessed pathway-level similarity
among MAGs and samples (Figure S2 in Supporting Information S1). As many of the ORFs within these samples
could not be annotated, we predicted pathways in order to assess higher level functions among the MAGs (Figure 6b)
(Oltvai & Barabasi, 2002). A total of 669 unique pathways were identified within the 72 high- and medium-quality
MAGs. We found that in general the MAGs are clustered by taxonomy rather than sample of origin, suggesting that
taxa of similar lineage have similar metabolic function (Figure S2 in Supporting Information S1). While MAGs
represent a subset of the community, this suggests that while taxa are distributed among samples and there are distinct
spatial distribution patterns, each community may have the ability to cycle nutrients and function independently.

4. Conclusions
4.1. Habitability and Novelty of Lava Tubes

The punishing radiation on the surface of Mars may be prohibitive of life that relies on sunlight for energy. Instead of
such phototrophs, Mars may be more likely to sustain chemotrophs that thrive in the protected subsurface. To sustain
this metabolism on Earth, organic molecules are the most common source of electron donors. On Mars, where
organic molecules are scarce, molecular hydrogen that is produced through the serpentinization of volcanic rock may
be an available electron donor in the subsurface (Schulte et al., 2006). Notably, sample C12_13 clusters separately in
the hierarchical analysis of ASVs (Figure 2), and this is the only sample predominantly constituted of olivine, plagi-
oclase, and pyroxene (Table S1 in Supporting Information S1). These are primary minerals, whereas the minerals
dominant in other samples (gypsum, calcite, thenardite) form secondary alteration products. The fact that C12_13
is dominated by primary basaltic minerals indicates that it is a sample of the volcanic rock foundation of the lava
tube as opposed to a secondary deposit. These minerals may create a unique niche that is more suitable for certain
microbial metabolisms that drive this difference and that could potentially function in a Martian lava tube. Prescott
etal., 2022 also found extreme niche partitioning in other Hawaiian lava tubes with only 16S rRNA SSU sequencing,
which they attribute to the competitive exclusion based on low nutrient availability in an oligotrophic environment.

The functional analysis also illustrates a wide array of metabolisms utilized by microbes in the tubes, with signif-
icant differences between samples collected in light versus those collected in dim light and darkness (Figure 4).
Taxonomic and functional diversity can be linked to habitability, as a habitable environment with more diverse
niches may be more likely to support a higher diversity of taxa and/or a wider set of functional capabilities that
are specialized for various niches (Cockell et al., 2016). The moderate diversity found here (Table 1) suggests a
moderate level of habitability in the lava tube despite it being a unique environment. Actinobacteria, Proteobac-
teria and Chloroflexi are the dominant phyla within these samples. This is consistent with studies of lava tubes
in Spain (Gonzalez-Pimentel et al., 2018), lava tube ice in California (O’Connor et al., 2021), and several other
studies conducted in Hawaii (Hathaway, 2010; Northup et al., 2011; Teehera et al., 2018). Similarly, poorly char-
acterized phyla, including BRC1, have been found in other lava tube studies in Hawaii and New Mexico (Northup
etal.,2011). While little is known about this candidate division, early work reconstructing draft genomes suggests
that this phylum is widely distributed in oxic and anoxic, often extreme, environments (Kadnikov et al., 2019).
Within the WGS data, over 80% of the samples could be classified as microbial dark matter (Figure 3). Still, all
samples contain Deinococcus radiodurans, an extremophilic species which can tolerate conditions of desiccation
and radiation, as well as low temperatures (Ho et al., 2016). Although these traits are not necessary for life on
Mauna Loa, microbes with similar survival mechanisms could inhabit the Martian subsurface.

Finally, while the MAGs represent a subset of the total community, the similarity to the high-level taxonomic
composition observed in the 16S SSU rRNA analyses suggests that the MAGs are a good representation of the over-
all community. Deeper functional analysis of the ORFs and pathways within these 72 high- and medium-quality
genomes may lend further insight into the adaptation necessary for thriving within these lava tube environments.

4.2. Drivers of Niche Partitioning

Each sample along the tubes hosted a unique microbial community (Figure 2). This taxonomic diversity
among samples, combined with variation in genomic potential (Figures 4 and 6), suggests that communities
are well-adapted to the specific minerals and conditions on which they live, thereby creating distinct spatial
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distribution patterns. Such niche partitioning may help ensure environmental change and disturbance have dispa-
rate effects across community members, thereby tempering the effects of localized changes and enhancing the
resiliency of life within the broader lava tube environment. Indeed, few ASVs and MAGs were shared among
samples, and there was little similarity among functional annotations within the community or within path-
ways of the MAGs. Previous work found that weathered rocks have closely associated microbes adapted to the
specific niche of the mineral composition (Riquelme et al., 2015), consistent with the community level differ-
ences observed across the samples. It is also possible that colonizing microbes can serve as loci for mineral
precipitation or sediment accumulation (Van Driessche et al., 2019). Within the dark and dim samples taken
in the lava tube, there is generally less metabolic variance across the samples, suggesting there is a narrower
metabolic distribution under these conditions compared to samples under the light (Table 1). This may be due to
light enabling greater breadth of metabolism, such as the ability to perform photosynthesis. Historical evidence
suggests that the Mauna Loa lava tubes sustain a sulfur flux from the nearby active volcano. Sulfur cycling is of
particular astrobiological interest as Martian surface and meteorite analyses indicate a sulfur-rich lithosphere,
which could provide redox reagents for sulfur-metabolizing microbes (Franz et al., 2018). Without a Martian
atmosphere to provide oxygen and protection from UV radiation, selective pressures may favor microbes that can
subsist in the dark anaerobically using sulfur for energy. If these microbes were present at a low level when Mars
was more Earth-like, they would likely become dominant in the community as Mars shifted to harsher conditions.
In this lava tube, members of these microbial communities can oxidize and reduce sulfur ions (Figure 5). Large
evolutionary distances separated the majority of the annotated protein sequences from references, suggesting
uncharacterized organisms were facilitating these pathways in lava tubes. Although not every gene from the main
sulfur metabolism pathways was represented, these findings are a promising start for future investigation of sulfur
cycling in these lava tube environments. Nonetheless, it is important to note that with metagenomic analyses
alone, we cannot determine whether these pathways are currently being utilized/expressed, particularly given the
aerobic conditions of the lava tube as well as the presence of other chemical nutrients. However, the presence
of phyla containing sulfur-reducing bacteria (Figure 3) shows that some microbes are utilizing these pathways.
Previous terrestrial studies have also shown that sulfates like gypsum can also preserve biosignatures for geolog-
ically long periods (billions of years), making them a doubly promising target for astrobiological investigation
(Allwood et al., 2013; Aubrey et al., 2006).

4.3. Exploration of Extreme Environments

In applying our findings to potential future exploration of similar environments on Earth or on Mars, studies
could compare surface soil samples with samples from the subsurface to investigate which microbes found in
these samples are unique to the subsurface or present in the general environment. This analysis could be paired
with water analyses to investigate how microbes could be transported via water flows into the lava tubes over
time. These sampling strategies each have implications for our understanding of whether life could have emerged
on the early, more habitable Martian surface and subsequently been transported to the subsurface, potentially
allowing it to survive the shift to harsher environmental conditions (Westall et al., 2015). Due to the niche parti-
tioning we observed in this environment, further studies in this lava tube or similar environments should account
for differences in the communities inhabiting primary versus secondary minerals.

Additionally, including RNA sequencing for transcriptomics would reveal the differences between an organism's
metabolic potential and the metabolic functions that the organism actively utilizes. This comparison would allow
investigations to identify which genes, and the functions they confer, might be necessary for survival within the
lava tubes. For example, the upregulation of DNA repair genes across communities sampled under high light
exposure conditions could indicate radiation tolerance (Li et al., 2015; Rainey et al., 2005).

Microbiological data could also be analyzed in conjunction with additional mineralogical and geochemical
data, as well as organic composition through gas chromatography-mass spectroscopy and Raman spectroscopy.
This would enable the definition of mineralogical niches, indicate bioavailable nutrients, and suggest the poten-
tial for biosignature preservation in this environment. Linking types of Mars-relevant microbial life, including
sulfur-reducing microbes, to geological features will enable targeting of Martian exploration to geologically simi-
lar sites that may have once hosted life. Additionally, among the minerals identified as supportive to microbial
life, analyses can inform which are most likely to preserve biosignatures of past life, and thus target exploration to
those minerals. Further, some mineralogic weathering is of biotic origin (Barton et al., 2001), and understanding
potential microbe-mineralogical interactions could help map mineralogical features to the presence of microbes.
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4.4. Summary

Mauna Loa lava tubes represent a novel and understudied source for examining microbial life and represent a
unique analog for studying the possibility of past and/or present life on Mars. Both 16S SSU rRNA sequenc-
ing and WGS sequencing revealed a plethora of microbial taxa thriving in this unique environment. We found
evidence of high levels of “microbial dark matter” in both taxonomic and functional analyses of the communities.
We also discovered that despite proximity in a protected environment, there was a high degree of niche partition-
ing, suggesting that mineralogical or fine-scale environmental variations drive community composition in the
lava tube. Ultimately, our findings indicate that careful sampling of distinct and specific mineralogical features
must be conducted to adequately assess the possibility of life on Mars.
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